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MAGNETIC NONEQUIVALENCE INDUCED BY MOLECULAR ASYMMETRY

Reported by Gwendolyn E. Neal October 21, 1963

Introduction: The term "magnetic nonequivalence" refers to a difference in

nuclear magnetic environment and is illustrated by the obvious magnetic nonequivalence

of the methyl and methylene protons in ethanol. Recently a more subtle nonequivalence

has been proposed and is reflected in the nuclear magnetic resonance (MR) parameters:

the chemical shift (5) and the spin-spin coupling constant (J) (1,2).

Magnetic nonequivalence in the chemical shift sense occurs because the nuclei are

screened to a different extent. The chemical shift is proportional to the screening

constant, and the difference in screening may be expressed by equation 1, where 6^

hi - <°i - V (1)

is the difference in chemical shifts of nuclei i and j, and o\ and a are the respec-

tive screening constants or "internal magnetic susceptibilities of the electrons

about the nucleus" (2a).

Magnetic nonequivalence in the spin-spin coupling constant sense occurs because

J. . depends upon the change in magnetic environment of one nucleus caused by the spin

ofJ a neighboring nucleus (1,2) . The coupling constant between two nuclei is a func-

tion of many structural properties. As a first order approximation, the vicinal

coupling constant between two nuclei, JVj , has been shown to be a function of the

dihedral angle, <t> , between the interacting vicinal nuclei (3) (equation 2).

J. . = J cos
2
4> + B (2)

lj

This equation has been recently revised to equation 3«

J, . = A + B cos* + C cos 24> (3)

where J , A, B, and C are numerical constants only as a "zero order" approximation
(k) „ The term "zero order" is invoked because equation 3 depends upon a model which
neglects ionic substitution perturbations ( substituent effects), bond angle depen-
dence (H-C-C and C-C'-H')j> and bond length dependence. Karplus also points out that
other molecular properties such as exchange integral variation, molecular vibrations,
AE variation, and changes in it -bonding can influence vicinal coupling constants (k)

.

Although equations 2 and 3 do not apply to geminal coupling constants, the latter are
affected by the other molecular properties. Gutowsky, Karplus, and Grant (3) have
shown that the geminal coupling constant is to a first order approximation dependent
on the H-C-H angle.

The dichotomy of magnetic nonequivalence can best be clarified by example . In
1,1-difluoroallene (I), the protons as well as the flourines are said to be equiva-
lent while those of 1,1-di fluor©ethylene (II) are said to be magnetically nonequiva-

lent, yet both groups • of nuclei are properly described
H
N ^ H

x
F as an A2X2 set. The terminology, AaX2 , implies that

C=C=C C=C
/

there are two nuclei (i,j) for which 5
fl

= 5 A (also
H
7 V H

7 XF
A
i

A
J

T TT S-v- = S-£ ) and invokes no restrictions on the coupling
i j

constants. (This notation also implies chemical equi-
valence.) Both compounds then have equivalent nuclei in the chemical shift sense.
However, the -""H and 19F spectra for compound I would be 1:2:1 triplets as pre-
dicted on a first order basis, while an eight line spectrum is obtained for both 1H
and 19F nuclear resonances for compound II. The latter spectra reflect a second
order effect caused by the fact that Jg,s is not equal to J§F

ans (6). The nuclei
in compound II may then be considered to represent magnetic nonequivalence in the
coupling constant sense.

Geminal Nonequivalence : Geminal nonequivalence occurring in cyclic systems is
caused by structural differences and governed by conformational equilibrium. The
magnetic nonequivalence of equatorial and axial protons in substituted cyclohexanes
illustrates this type (1,7). In open chain systems magnetic nonequivalence has been





attributed to hindered internal rotation and/or molecular asymmetry. This type of

nonequivalence can "be induced by 1) hindered rotation about a double bond, 2) hindered

rotation about a bond with partial double bond character, 3) restricted inversion

about nitrogen, and k) rotation about a single bond in conjunction with molecular

asymmetry.
Type one is an example of cis/trans isomerism and has already been mentioned in

the case of 1,1-difluoroethylene where J"cis £ Jtrans*

An example of type two is dimethylformamide in which the resonance form b in

Figure 1 contributes to the double bond character of the C-NCT bond and hence to the

establishment of a magnetically nonequivalent environment for the two methyl groups

(2a). Phillips has reviewed this type of magnetic nonequivalence in other amides,

CH3 ^0

CH3
X X H

CH-
XM=CX

0'e

(a) CH3
/a? MI (b)

Fig 1

.

Resonance forms of dimethylformamide.

nitrosoamines, oximes, and nitrites (8).
Figure 2 shows an example of type three in which H and H' of N-methylethylen-

imine (III) are nonequivalent methylene protons. This case has been discussed by
Gutowsky ( 2a)

.

„

,

H'

' H3

H

Js>

Ill

N•1>
\
CH-

Fig. 2. Nonequivalence caused by restricted inversion
about nitrogen in N-methylethylenimine

.

Magnetically nonequivalent nuclei or groups attached to bonds which contain no
sizable double bond character (9)> type four, will be the main concern of this
discussion.

Gutowsky (2a, 10) and Snyder (11) have presented critical discussions of the
nuclear magnetic resonance spectra of substituted ethanes. Compounds of the type
A-CX2-B, where A is any group and B is an asymmetric group, are known to contain
magnetically nonequivalent X nuclei or groups. The theories postulated to explain
this phenomenon are those of "conformer population", "intrinsic asymmetry", and a

combination of these theories.
The theory of /'conformer population" states that the magnetic nonequivalence

experienced by the X groups originates from differences in the relative populations
(x) of the rotamers 1,2, and 3 in Figure 3 (12,13) < If this were the only consider-

R R'

AAA
R" R

R ! R R"
(1) (2) (3)

Fig . 3

.

Rotational conformers of substituted ethanes.

ation, then at the high temperature limit magnetic nonequivalence should disappear
because the populations have the following dependence upon temperature

_. -AEj/RT f

xi:x2 :x3 = Qx e x/
: Q2

-AEa/RT
n Q3 (h)





n, excluding the rotation coordinate
where Qn is the partition function for rotamej

and AEi = Ei - E3 , and AE2 = E2 - E3 are the relative energies of the rotaraers (10,

Ik) . It is also assumed in this theory that at the high temperature limit there is

rapid rotation about the single bond (12,15).

The "conformer population" theory does not give importance to the dependence of

x on energy (equation k) . Drysdale and Phillips (12), and Nair and Roberts (15)

postulated the "weighted -time -average" extension to include this energy function. .

Essentially, the postulate is that even with rapid interconversion among the three

main rotational conformers, the residence times are not equal, i.e. , a compound may

spend a longer time in the lower energy conformation. The observed parameters are

then their weighted -time -averages over the three conformers (15) . Shoolery and

Crawford (16) have condensed the applications of the above theories (12, 15) to com-

pounds having the general formula CFaR-CFR'R" (IV), and extended the postulate to one

which predicts spin-spin coupling even when R'=R" and no difference in chemical shift

is expected.
In the asymmetric case, i.e, ?

where R'^R", for example, CF^r-CFHCl (IVa) , the

residence times in all three conformers would be expected to differ and thus also the

magnetic parameters (Fig. i.) . This is indeed observed: 5 3i = 85. ^; 532=8l.6j

Br F2 Fjl

CI 1 F^ CI

Fig . k . Rotational conformers of 1,1,2-trifluoro-
l-bromo-2-chloroethane (IVa).

S2i = 5.8 and J 13 » l8j J23 = l8j J12 = 175 1 JiH = h
<>

J2H = 6 * and J3H = ^8 »

(&j_j is in parts per million and Jjm in cycles per second.) The gem fluorines have
different chemical shifts as well as a non-zero coupling constant (16)

.

In the more symmetric case where R E =R", for example in CF2C1-CH2C1 (IVb) , it is

apparent from Figure 5 that rotamers 2 and 5 a^e equal in energy and therefore in
residence time;; i.e. , the two gauche (chlorine atoms) forms are just mirror images.

Rotational conformers of I,I-difluoro-l,2-
dichloroethane (IVb).-

Then one predicts and finds two distinct weighted -time -average coupling constants
between H and F: Jtrans and Jgauche ( l6)

•

The theory of "intrinsic asymmetry" pointed out by Waugh and Cotton is simply
that the observed magnetic nonequivalence could equally well be accounted for by a

symmetry argument alone (17). According to Gutowsky, the "conformer population"
theory and its extension overlook important symmetry factors in equations 5 through

9 for the average chemical shifts <(§/ and coupling constants <^T> for X and X'

(Fig. 5) (2a) . (Equations 8 and 9 apply only if A is coupled to X and X 1

.)

<8 \
x/ >x

+ x2 Sx + x. 5X (5)

<5X
{> = Xl 5X

' + x2 Sx
' + x3 5X (.6)





<Jxx ! ^ = Xi J^, + x2 J^, + X3 J-jq^s

<JAX>
= Xi JA + X2J

aI
+ x^ j

aI

<JAX«>
= Xl J

AX !
+ x2 Jj, + x3 Ja|,

(7)

(8)

(9)

5X is the chemical shift for nucleus X in conformation 1 and J-wii is the coupling

constant between X and X 1 in conformation 1, etc. (Notation will be changed from that
of the authors for consistency within this discussion,) It is immediately apparent
that Kp^ ¥ ^v-!/* even if Xi = x2 ~ x3 unless 6-^ = &x'» ^X

=
^X !

* 5X = &x ij or
—- X <5S Q w

some other mathematically coincidental arrangement, and by similar arguments that

<(jAV)> = ^J.v-,/* and ^J.^,/1 can become zero, Lee and Sutcliffe have presented six

symmetry classifications for substituted ethanes and prepared tables to predict the

type of spectra expected from every possible combination of each symmetry type, both
with slow and fast rotation (18),

H.S. Gutowsky has pointed out that errors in the early work (12,13) probably
resulted from an attempt to oversimplify the situation in assigning the roles of
molecular asymmetry and conformational populations in MMR studies of substituted
ethanes (19). He has presented the following algebraic analysis of the relative
effects of conformer population and intrinsic asymmetry on the chemical shift dif-
ferences, and attributed a major importance to the molecular asymmetry. The averaged
chemical shifts (v, in energy units), as in equations 5 and 6, are expressed by

<VX> = g x
n
V
n
Xand <vX'> = gVn

X '

< 10>

If X, X 1

, and A in Figure 3 are all equal to hydrogen, then

<VX> * § 5
V
n
X = <V

X'>
=
§ 5

V
n
X

' and <W> " ° ™
This is because V x = v*, v\ ^ v\ , v| = v*' , and xx = x2 = x3 due to the symmetry of
the methyl group, i.e. , the protons are magnetically equivalent. This says nothing,
however, about the "intrinsic asymmetry" of the three nonequivalent sites. It is still
present although it cannot be observed unless the reorientations can be frozen out.

If A f H, then the asymmetry is increased and the rotamers in Figure 3 exist as
three separate d,l-pairs. One then obtains a net chemical shift difference <AV >
between the methylene protons, H

<AV
H> *<V

x
-V
x,>-g Xn(v£-vf) , (12)

which can be written as

<AVW> = Z x (AV° + 5V ) (13)N n n n v n n- K ?

where AV° is defined as (v - V* ) for A m H and 5V as the difference due to A I H.«
,

n n n '

Equation 13 can be rearranged to equation Ik

<AVH> " £ <V $> K + g <*
n "

f> ^ + g \ 5V
n

(Ik)

by adding (-Z - AV° = 0) (from equation 11) and (Z ~ 5V - Z ^ SV ) = to the right" > n n $ n n 3 n
hand side of the equation. The first term depends on the population differences for
A f H and the chemical shift difference in the parent compound, A = H. The second
term depends on chemical shift and population differences caused by A ^ H. The third
term is called the "asymmetry effect" and is due to the intrinsic asymmetry for A /£ H.
This last term would produce a net shift even if x - k. The detection of the

n 3
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"asymmetry effect" in a high resolution NMR spectrum is then a question of magnitude.

Roberts and co-workers (20) interpreted the magnetic equivalence found for the

methylene protons in cyclopropylcarbinyl methyl-di -ether (V) as being strongly sug-

gestive that conformational preference is responsible for the <AVH)> of ca. 8 cps found

for cyclopropylcarbinyl ethyl ether (VI) . By application of equation lF, Gutovsky

CH3 CH3

C-O-CHaD \- C-0-CH2CH3

H H

V VI

has shown that not only does the equivalence of the methylene protons in the -CH2-D

group say nothing about relative importance of conformer preference and asymmetry

effect, but also that it has no relation to the nonequivalence observed in compound

VI where A = CH3 (19) . From equation li, it can be seen that for <AVH> = 0, no

detectable "asymmetry effect" must be produced by A = D, i.e. , Z ± 5Vn = 0, and the

1 J
conformer populations must remain equal, i.e. , x = -. The small difference between

H and D could allow for this. Roberts' interpretation would be valid if it could be

shown independently that deuterium substitution would cause an "asymmetry effect"

rather than a conformational effect. This, however, would imply that the "asymmetry

effect" is the more important factor, the reverse of what the experiment was intended

to show (19) .

According to Gutowsky (19) , a more direct approach to equation 1^ is to study the

temperature dependence of <AVH /> and its high temperature limit. The average chemical

shift, <(y±} ? may be expressed as a function of temperature (equation 15) (10),

<v
±
> - QcT

1 ^ e
_AEl/RT

+ v| e"^
2/^ + vl] (15)

where Qu (the normalization factor) is the internal rotation partition function for
the three rotamers in thermal equilibrium

"AEl/HT
J

"AE2/RT
J

_ M< v

Q$ = e ' + e ' + 1 (16)

and AEi = Ei — E3 and AE2 = E2 - E3 are the relative energies of the rotamers, and the
superscript i refers to nucleus i. Equation 15 is derived from equation h and from
the assumption that Qn varies only slightly and can be eliminated from equation k

(10) o An expression similar to equation 15 can be written for the average coupling
constant <\^±]/> as a function of temperature.

At the high temperature limit, x = — and <(AV„j> = Z — 5V 5 i.e. , the difference

in chemical shift is caused by the "asymmetry effect" alone (19) . For the compound

BrCFgFb-CFBrCl, an "asymmetry effect" is calculated based on SV^s obtained from a five

parameter analysis of the temperature dependence observed for l\V_ — V-^ y\ . This

calculated effect is small, 6.7 cps, compared to the rotationally averaged shift dif-
ferences of 85 to k5 cps for temperatures from -h& to + 192 C„ Gutowsky states that
an "asymmetry effect" is probably present in this case, and that the discrepancy
between experimental and theoretical values occurs because intermolecular interactions
contribute to <^AVp)> and its temperature dependence (19) .

That molecular asymmetry plays the prominent role in introducing magnetic non-
equivalence is clearly illustrated by compounds of the type XCH H-^-CYaZ (20) .

Gutowsky has shown that rotamer populations in this case vary without causing mag-
netic nonequivalence ( equation 17) „

<V
a >

- <V
b > = x

t
V
t
+ i x (vj + v\) (17)

, and x are the mole fractions for the trans and gauche conformers, respectively
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V+ is the chemical shift, for the two protons in the trans conformerj and V x and V x

are the chemical shifts for H& and Hb in the gauche rotamer (19) . This example

illustrates the use of a quantitative formulation of magnetic nonequivalenee

(equation ik) „ However , experimental techniques have not as yet led to satisfactory

numerical evaluations from equation ik. Other difficulties occur because the first

two terms are lumped together by the population factors . Gutowsky has proposed ex-

periments which could lead to a separation of these effects (19).

Differences in chemical shift are dependent upon the solvent as well as the tem-

perature (11,21), Roberts and co-workers first studied methyl-2,>dibromo-*2-methyl~

propionate (22) and l,2-dibromo-2-phenylpropane ( 2J) and proposed that both compounds

exist in the "preferred" trans, conformations Vila and Vllb. Snyder (11) has recently

CfiHs

Br R

C02CH3 C-COaH(CH3)

H-C
W ^ H

H
Br

Vila (R - CO2CH3) VTTT IX (R - CH3)

Vllb (R-C6H5 )

v±±±
X (R - C6H5)

presented a comparative study of the solvent effects of the KMR parameters of Vila
and VIII and their rigid unsaturated homologs, IX and X„ The fact that the variation
of chemical shift differences with solvent is the same (within experimental error) in
these systems, indicates that the chemical shift is perhaps not an adequate probe for
conformational studies. According to Snyder, it is quite possible that this variation
is a reflection of the magnetic properties of the solvent , which swamp any smaller
difference in chemical shift due to internal magnetic nonequivalence „ The fact that
a small, but real, solvent effect on the geminal coupling constant is observed demands
that the solvent also be considered before attributing changes in J^ to other origins,
Other studies of the effect of solvent on the coupling constant have been, carried out
by Sheppard and Turner (2k) and by Freeman and Pachler (21)

.

Kcamples; M. Farmer and D„ Y. Curtin have obtained an example of magnetic non-
equivalence of the type A-CX^-B in 2,3-diphenylpropanoic acid (XI) which gives an ABX
proton magnetic resonance spectrum (25) » Its synthetic precursor, 2,3-diphenylpro-
pionitrile (XII) , however, gives an AgX pattern. There are no changes in the observed

H

C6H5CHS~C-R ^ R " COaH

XII R = CN

spectra on warming XI to 200°C. or on cooling XII to -55°C. Also no changes were
observed in case XI by varying the solvent over CDCL3 , bromobenzene , and nitrobenzene.
In view of the lack of temperature dependence, it seems reasonable to propose that
rapid rotation, is occurring (at least at the high temperature limit for the acid)

.

The nonequivalence then apperas to be an "asymmetry effect" (equation Ik) . The in-
ability to observe nonequivalence in the nitrile (XII) is more complex and probably
arises because the cyano group exerts a substituent effect on JYg and influences xn
and AEn for the rotamers.

In all of the examples of type A-CX2-B given above, the molecule contained an
asymmetric carbon atom or center. That this is not a necessary condition is evident
from the fact that examples In Table I contain magnetically nonequivalent methylene
protons. In these cases, it is said that the methylenes "see" an asymmetric center.





Table I. Nonequivalent methylene protons (underlined)

occurring in symmetrical molecules.

Compound Ref.

CH3-C(N02)(CH2OH) 2 (13)

CH3-C(H)(OCH2CH3) 2 (26)

CH3-P(S)(OCH2CH3) 2 (29)

Compound

( CH3CH20) 2-S0

( CH3CH2) 2-S0

Ref.

(27)

(28,16)

An apparent exception to this is (CH3CH2) 2S«BF3 (28,l6) , which should be comparable

to diethyl sulfite. The observed equivalence is highly indicative of some type of

averaging, perhaps a rapid exchange between the BF3 group and the lone pair of

electrons about the tetrahedral sulfur. Temperature studies would be useful in this

case (28,16) .

If the methylene protons or groups cannot "see" an asymmetric center, then they

are no longer magnetically nonequivalent (Table II)

.

Table II. Equivalent nuclei or groups (underlined)

occurring with increased symmetry.

Compound Ref. Compound Ref .

(CH3CH2) 2S02 (28,16) CH3CH2-S02-CH( CH3 ) 2 (21)

( CH3CH20) 2CH2 (17) CH( CH3) 2-POCl2 ( 30)

In the field of hindered rotation about single bonds it has been generally
accepted that rotations about, or transmission of symmetry effects through, C-O-C,
C-O-S, C-S, C-O-P, and C-P bonds are directly related to those of C-C bonds. (This

assumes that sulfur and phosphorus are tetrahedral (31).)
Analogies to many of the above examples are found in RMR studies on organophos-

phorus compounds (30,32). Isopropylphenylphosphinyl chloride (XIII) contains non-
equivalent methyl groups as is evidenced by the resonance doubling of these groups
(Figure 6a) . Doubling occurs after splittings by the a-hydrogen and phosphorus to
give the proposed eight line methyl spectrum. The more symmetrical isopropylphos-

CII3

I

t
H-C— P-

I 1

CH3 4>

XIII

CI

CH3
I t

H-C — P-Cl
I I

CH3 CI

XIV

J.
II -P

(a) Doubling—*f| f|

injji

f) *)L Ref.
( Doubled )7f3

-CH-

J I I I 1 I

T 10

Fig. 6. mm Spectra of isopropylphenyl-
phosphinyl chloride and iso-

propylphosphonyl dichloride

.





phonyl dichloride (XIV) shows only a four line spectrum caused by a-hydrogen and phos-

phorus long range coupling (Figure 6c). The fact that the proton spectrum of XIII does

not coalesce to a four line one when the temperature is raised to 130 C. (Figure 6b),

but rather becomes more clearly resolved , is evidence that rapid rotation about the C-P
bond is occurring at room temperature (30). If this rotation were slow, raising the
temperature would increase the rotation, thus averaging the magnetic environment, and

the spectrum would broaden and eventually coalesce. The authors attribute the increase
in resolution to a decrease in the viscosity of the compound at elevated temperatures.
It is also interesting that the resonance of the a-proton is never doubled in systems
of this type (30). A recent review is available on NMR of phosphorus compounds (33).

Conclusion ; The above examples have shown that magnetic nonequivalence can be
produced by many factors and perhaps is best summarized in terms of equation 14,

Molecular asymmetry appears to be the dominating factor which leads to magnetic non-
equivalence (19) .

Discussions of the determination of hindered rotational barriers ( 3^) > relative
signs of the spin-spin coupling constants (35)* an^ further examples of magnetically
nonequivalent geminal nuclei (36) have also appeared in the literature.
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CHELATION AS A DRIVING FORCE

Reported "by Kermit Carraway October 28, 19&3

Introduction : The use of organic reagents as chelating or sequestering agents

for metal ions has been widespread, and the catalytic effects of metal ions on organic-

reactions are well documented for a great number of reactions. Combination of these

two areas has been recognized for some time in the field of biochemistry, where the

frequently observed requirement for metal ions "by enzyme systems is formulated often
in terms of chelated intermediates. The electron-withdrawal of the metal ions allows
them to function as acid catalysts even in neutral or slightly basic media. This

property is quite essential to reactions under the physiological conditions which
must exist in enzymic reactions. A desire to clarify some of the enzymic reaction
mechanisms led to the study of model systems designed to explain the acceleration of

these processes in terms of steric and electronic requirements of the functional
groups involved. It was in these cases that chelation mechanisms were first used to

explain the acceleration of organic reactions. A more recent development in this area
has seen the application of chelation to synthetic problems. This abstract will dis-
cuss the model systems and the synthetic methods which are considered to employ chela-

tion as a driving force. Reactions which involve metal-promoted enzyme catalyses and

other in vivo metal activity have been recently discussed (l, 2, 3)$ ^e catalytic

effects of metal chelates on hydroxylation, oxidation, and some hydrolytic reactions
(k, 5, 6, "J), the qualitative effects of metal-ion chelation in organic reactions (8),
and the metal-ion promoted pyridoxal catalyses (9) have been reviewed recently.

General Considerations : The effect of chelation on organic reactions is consid-
ered to be a stabilization of the transition state or an intermediate similar to the

transition state by electron-withdrawal from the ligand. The rates of a great number
of reactions involving chelates have been shown to follow qualitatively the Irving-
Williams stability constant sequence Zn^<Cu^>M^>Co^Fe^MnH~ (10). The stabil-
ity constant of a chelate is a measure of the metal-ligand interaction in the ground
state, while the rate constant of a chelate reaction reflects the interaction in the
transition state. If the electronic configuration of the metal is unchanged in the
transition state and the chelate interaction in the ground and transition states are
similar, a linear free energy relationship should be observed in a plot of the log-
arithms of the rate constants against the logarithms of the stability constants (ll).

In view of the observed linear free energy relationships the important factors in de-
termining stability constants might give information about the transition states of
the reactions; however these factors are still under investigation. Schwarzenbach
(12) has used the entropy effect as a general explanation for the stability of chelate
compounds. The importance of entropy contributions arising from ring formation and
changes in translational freedom during the chelation has been emphasized by
Westheimer and Ingraham (13) • The significance of entropy in chelate stabilization
has limitations, since certain systems show anomalous entropy terms. Williams (lk)

has discussed chelate stabilities in terms of electrostatic forces, steric hindrance,
polarization of both cation and anion, and entropy factors. There seems to be no sim-
ple method of predicting stabilization which is applicable to all known cases. Connor
and Jones (15) have recently sought to classify all reactions in which coordination
affects organic reactivity. The scheme, based on the effects of coordination on li-
gand activity, attempts to group reactions in terms of individual kinetic effects com-
mon to those reactions which have been studied. For chelation reactions the interde-
pendence of these kinetic effects and the lack of a secure theory of stabilization
fail to support attempts at a definite classification.

Carboxylation-Decarboxylation : ft-Keto acids - The carboxylation-decarboxylation
reactions of P-keto acids are important in several biological pathways. The decar-
boxylations of oxaloacetic, I, acetonedicarboxylic, II, oxalosuccinic, III, and aceto-
acetic, IV, acids were studied manometrically and spectrophotometrically in aqueous
solutions in the presence and absence of metal ions as model systems for the metal-
requiring carboxylase enzymes (16, 17, 18) . Spectral changes indicated that enolic
metal-ion complexes were formed in all cases in the presence of metal ions, but the
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rates of decarboxylation were increased for the dicarboxylic acids and decreased for

acetoacetic acid. Investigations by Steinberger and Westheimer (19, 20) on the

H02CC0CH( C02H) CH2C02H CH3C0CH2C02HH0oCC0CH2C02H H02CCHsC0CH2C02H

II III IV

decarboxylation of dimethyloxaloacetic acid and its monoethyl ester suggested that the

dianion of the acid formed a five-membered chelate ring, which was spontaneously de-

carboxylated to the chelated enolate of dimethyl pyruvic acid. Ketonization and de-

composition of the pyruvate complex yielded dimethyl pyruvic acid. Rate enhancements

of 2-70 times the uncatalyzed reaction were observed, the catalytic efficiency of the
metals being described by the series Cu++)>A1 '

'
,^M-++/MnH". An inhibition of the

C(CH3 ) -C02
'

-C02

C( CH3 )

H+
y

"0
2CC0CH( CH3 )

reaction was found for those complexing agents which neutralized the charge on the
metal ion.

Kinetics of the C
13 carboxyl-labeled oxaloacetic acid decomposition showed that

the C-C bond cleavage was the rate-determining step (21) . Pedersen (22) formulated
this reaction in terms of the decarboxylations of two complexes, MOx and HM0x+ (M^~ -

doubly-charged metal cation, Ox = Oxaloacetate dianion) , the former species being in
greater abundance. In an effort to correlate complex stabilities with the reaction
rates and to establish the decarboxylating forms of the complexes definitely, Gelles
and coworkers (23, 2h

} 25) subjected the decarboxylation of oxaloacetic acid to a

thorough Investigation. Potentiometric and spectrometric evidence indicated the
presence of two prevalent complexes ( V and VI) in equilibrium, VI being the inactive
form in decarboxylation. At higher metal ion concentrations a third complex, probably
VII, was observed in low concentration, but no evidence was found for Pedersen 1 s HM0x+
complex or for an inactive intermediate VIII, which had been proposed by Williams (26).
The rates of decarboxylation of oxaloacetic acid with various metal cations were found
to parallel the complex stability constants for reactions involving both the transition
series and the diamagnetic rare earth metal Ions (ll). A linear free energy relation-
ship was found between the logarithms of the manometric rate constants and the log-
arithms of the stability constants for the oxalates of a series of transition metal
ions, but not for the oxaloacetates. This suggested to the authors that the transi-
tion state of the reaction more closely resembled the complex IX, a species similar
to oxalate, than the initial chelate V (25)

•

,CH2C02 Q. CH-C02HH
"^r

VI

K° VII

VIII IX
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The formation of an enolic metal complex "by acetoacetic acid with inhibition of

decarboxylation suggested to Stiles (27) that carboxylation of this enolate might be

possible. Acetophenone, cyclohexanone, 1-indanone, 1-tetralone, and cyclopentanone

were successfully carboxylated with methyl magnesium carbonate (MMC) in dimethylform-

amide. Kinetics of the reaction indicated that the carboxylating agent was free car-

bon dioxide, which was in equilibrium with other species in the MMC solution (28).

The ratio of carbon dioxide to magnesium methoxide in the MMC could be varied from

O.85 to 1.3 by variation of the carbon dioxide pressure above the reaction mixture in

the MMC preparation. Eeuterium isotope effects, Hammett plots, and the kinetics of

Mg(OCH3 ) + C02 v

CH3OMgOC02CH3 + CO^

CH3OMgOC02CH3

(CH3OC02 )
2
Mg

the carboxylations of a series of substituted acetophenones led to the proposal of a

three-step mechanism, the first step being rate-determining at a carbon dioxide to

magnesium methoxide ratio of 1.3 and the second step rate -determining at a ratio of G&j.

>C-CH3 + CH30-kg-B

X

XII

- *0° + CH3OH

Us

XI

XIII

JMg-B

+ OCH3 ^-

XV

+ B +CH3OH

B - OCH3 or OC02CH3

Acid decomposition of chelate salts XV gave the corresponding p-keto acids. Al-
kylations of the chelate salts XV have been accomplished with benzyl bromide and methyl
iodide (27) • The acylation of the chelate salts of substituted malonic esters has been
used by Ireland and Marshall (29) to synthesize a- substituted (3-keto esters in greater
than 50$ yield with a relatively mild one -step procedure.

a-Uitro acids - Pedersen (30, 31) reported that the spontaneous decarboxylation
of nitroacetic acid and q-nitroisobutyric acid was a monomolecular decomposition, in-
volving the monoanion as the decarboxylating species. He showed the reaction to be
inhibited by the presence of certain polyvalent cations (32), suggesting a complex
formation in the inhibition. Stiles and Finkbeiner (33) investigated the reversibil-
ity of the nitroacetic acid decarboxylation spectroscopically and reported different
behaviors for the sodium and magnesium salts of the acid in methanol. A brief induc-
tion period followed by a normal decarboxylation rate suggested a rapid proton trans-
fer from the undissociated acid in solution for the sodium salt. The induction period

2NCH2C02
" > 2NCH2

" +

2NCH2
" + 2NCH2C02H > 2NCH2C02

'

CO;

CH3N0£

continued as long as any free nitroacetic acid remained in solution and was therefore
dependent on the amount of base added to the solution. The magnesium salt showed the
same lag period followed by a rise in spectral intensity to that of the nitroacetate
dianion. The increased stability of the divalent magnesium salt of nitroacetate over

CHpNO; + 2NCH2C02Mg
+ -> 2NCHC02Mg + CHoNO;

the sodium salt suggests a strong interaction between the anion and cation capable of
shifting the equilibrium of the decarboxylation. This interaction is most simply
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oVA
i

H
XVI

accounted for by the chelate structure XVI. The similarity of the UV spectra of the

chelate to that of the disodium salt led to the suggestion that this chelate stabili-

zation arose from entropy or solvation energy differences and not from metal-ligand
binding effects. The chelate salt was shown to be a 1:1 complex,V^V which could be prepared by addition of magnesium methoxide to nitro-
acetic acid in methanol or ether solution or by the saturation of a

methanolic solution of nitromethane with carbon dioxide in the presence
of magnesium methoxide.

In view of these results the carboxylation of nitroalkanes was
undertaken in DMF using MMC (34). Yields of a-nitroacids in excess of

5($ were obtained with 3-4 equivalents of MMC per mole of nitroalkane.

Hydrogenation or esterification offered a route to the corresponding CC-amino acid (34)

or a-nitro ester (35) • Attempts to alkylate the magnesium salts with benzyl bromide
or methyl iodide gave only the aldehyde of the alkylating agent. Alkylation has been
successful only with gramine methiodide (33)*

Hydrolytic Reactions : Alkyl phosphates - As a result of observed physiological
reactions of the rare earth metal ions, Bamann and coworkers made an extensive inves-
tigation of their effect on the cleavage of a number of biologically important com-
pounds (36). Gels formed by the salts of La"*

-
*
-
*-, Ce+'H", Ce '

' '
' , and other rare earth

metal ions in weakly alkaline solution promote the hydrolyses of alkyl phosphates, py-
rophosphates, and similar compounds. An analogous reaction in weakly acidic solution
has been observed with cations of thorium and zirconium (37)* Butcher and Westheimer

(38) established rate enhancements of about 1000 times at pH 8 for lanthanum hydroxide
cleavages of alkyl phosphates with coordinating groups in the ^-position. Cleavage oc-

curred at the 0-P bond and retention of configuration was observed for 1-methoxy-
propyl-2 -phosphate. A chelate intermediate was proposed to account for these
observations.

Amide linkages - The cleavages of several dipeptides and amides (39> 4o) and
phosphoamides (4l, 42) and the opening of the succinimide and dihydrophthalimide rings

(43) have been reported to be catalyzed by the rare earth ions Ce'^++ , Ce 1 + I
' , and

La+++, and some of the transition series metal ions in weakly alkaline solution. The
order of cleavage rates has been shown to be Ce+++Z Cu^)>Zh+~t

"

/
>Co"H"

/
>M"H" for a series

of amides (44). Westheimer and Meriwether (45) found rate enhancements of about 100
times in the metal-ion promoted hydrolyses of glycine amide.

Such metal-ion x>romoted hydrolyses of amide bonds suggested to Corey and Dawson (4b)

that an appropriate amino acid blocking group might be removed in this manner. For this
purpose the carbo-(8-quino!oxy) group was investigated because of the chelate stabil-
ity of 8-hydroxyquinoline . Removal of the blocking group might be facilitated by co-
ordination in three positions. Hydrolyses of the blocking group from amines were

}P
1+

OpC-CH-W
t 1

R H

2HpO
->

;Ji+

m3
+

+RCH-C02
"

+co2

'OpC-CH-WH

rapid, but yields were only 6O-7O/0. The Cu 1"*- promoted removal of the carbo-(8-quin-
oloxy) group from amino acid anilides failed to give the free amino acid as the sole
product because hydantoin formation complicated the hydrolysis. A model scheme for

Q0C0MHCH2C0MCsH5 > H3
+
NCH2C0MC6H5 -I- CHo-C^

/ \
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peptide synthesis showed good results except for poor yields in the first step.

Variations of this scheme may be used to overcome this difficulty. The use of metal

-

promoted hydrolysis of blocking groups shows promise,, but factors other than ease of

(QO) 2CO + <tCH2CH-C02
~

?> QOCOMCH-C02H
EM2

>
m +

QOCQNHCH-CONHR

CH2$

Cu
-H-

V/oodward

Reagent
K

-> H2N-CHCONHR + ( QC) 2 3u + CO^

CHp<J>

removal of the group must be considered. The investigation of other chelating agents

as blocking groups may lead to interesting results in this field.

Esters - The catalytic effect of heavy metal ions on the hydrolysis of appropri-

ately substituted esters has been noted by several workers. Kroll (47) found rate

increases up to 10s times the uncatalyzed rate for the hydrolysis of glycine ethyl

ester in tris-(hydroxymetlryl) aminomethane buffer by transition series metal ions.

The reaction was observed to be first order in hydroxyl ion and metal ion-ester complex,
and a catalytic sequence C!u^^Co^)>Mn^)>Ca^)>Mg^ was established. In a subsequent
study of the same hydrolysis Bender and Turnquest (48) found that the reaction was
complicated by the complexing of the metal ion by the buffer as the reaction proceeded.
The kinetics of the reaction, run in glycine buffer to correct for this effect, can be
expressed by the following equations:

Glycine-Cu+ + Ester ^ N (Glycine) (Ester) Cu+

(Glycine) (Ester) Cu+ + 0H~ ^ N
( Glycine) 2 Cu + ROH

' > Glycine -Cu+

Oxygen exchange studies with the ester labeled in the carbonyl position showed the ex-

change rate to be l/4 of the hydrolysis rate. A chelate mechanism was invoked to ex-

plain these facts. The hydrolyses of the half esters of oxalic, malonic, adipic, and

c«2—(f

:ou

H
1 '!

18

CI^C-GEt

R OH

j>k

"s
-

CHp Ci

H2*N O^H

R i
-OEt

-01UH I

_ M2

RCH-C-OEt

NH^p18

RCH-C-0
-EtOH

sebacic acids were studied in the presence of Tl+ , Ba++, Ca"*^, and Co"
1-*" salts by Hoppe'

and Prue (49). Stability constants for chelates of both metals and the acids could be
related qualitatively to the rates of hydrolysis. A transition state containing a

complexed hydroxide was proposed.
Quinone systems - The quinone nucleus is involved as coenzyme Q in the electron

transport systems of a large number of living organisms (50). This system has been
shown to be intimately connected to the oxidative phosphorylation process, which is

chiefly responsible for the production of adenosine triphosphate, the major source of
available energy in living substances (5l)« In connection with studies of electron
transport through conjugated systems Taube and Linck (52) chose 2,5-dihydroxy-p_-benzo-
quinone XVII and chloronilic acid XVIII for the investigations of the interactions of
-transition metal ions with quinones. The addition of chromic ion to either of the two
quinones in ethanol resulted in the formation of acetaldehyde in "J2$> yield based on the
quinone. The observation that two moles of Cr"*

-^ ion were taken up per mole of quinone
led to the postulation of a chelate intermediate. Oxidations of n-propanol, n-butanol,
and isopropanol were also observed, but methanol and t-butanol failed to react. Half-
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+ 2CI-HH- + CH3CH2OH >

XVII R = H
XVIII R = CI

+ CH3CH=0 + ^H
+

XIX R = H
XX R = CI

lives of 15 minutes at 25 and k minutes at 35 were noted for the chloronilic acid in

ethanol. The fact that the rate of the reaction "was independent of chromic ion con-

centration with an excess of chromic ion was taken to indicate that the rate of sub-

stitution into the coordination sphere of chromium is not the rate-determining step in
1 , ethanol. A strong inhibition of the reaction was noted with water,

f*\

Cr

XXI

/

methanol, CI", Br , and CC1 3C02 , suggesting that these interfere either
with the substitution process or with the electron transfer ability of

the system. A cjrclic oxidation process has been observed in which pro-
duct XIX is presumed oxidized by oxygen to a red compound, probably the
quinone complex XXI, which can then undergo further reaction with
ethanol

.

An investigation of the 6,7-dichloro-5,8-quinolinequinone, DQQ,

XXII nucleus was undertaken by Corey and Konig (53) "to ascertain if it

would act as an hydride acceptor in the presence of metal salts. It was
found that an esterification reaction occurred when cupric trifluoro-

acetate or cupric acetate was added to a solution of substrate alcohol and DQQ. The

formation of approximately two moles of ester per mole of salt was noted with metal
salts, but no reaction could be observed without mental ion present. In alcohol-free
solution the acid anhydride and free acid could be isolated from the solution of the
reaction mixture in lower yields. The polymeric copper complex of DQQ which formed
during the reaction could be treated with water to remove one-half of the copper as
cupric chloride, then reduced with hydrogen sulfide to yield 5>6,8-trihydroxy-7-
chloroquinoline. A postulated mechanism for the reaction proposed a nucleophilic at-
tack at C6 by the acetoxy group followed by the formation and subsequent precipitation
of a polymeric copper chelate. Formation of this latter chelate acts as a driving
force for acetolysis or alcoholysis of the acyl group. The overall reaction represents
a process in which acylation is powered by the transfer of electron deficiency of the
quinone to an otherwise unreactive anionic group by the use of part of the oxidation
potential of the quinone. This is a process very similar to the biochemical oxidative

8
VC

+ ( RC02 )
Or
2

XXII

*v

••Cur-ci

or-

i

ciV\h^
0"*Cu*«*

/
CI

+ (RC02)0
2

phosphorylation. An extension of the reaction in this direction was observed by the
treatment of the cupric salt of trimethylene phosphate with DQQ to give bis-trimethyl-
ene pyrophosphate, j—

Q

Cu + DQQ >
.1 1.

polymeric
+ complex





-lo-

The in vivo phosphorylation of adenosine diphosphate to yield adenosine triphosphate

is closely analogous to this reaction. The driving force for the natural phosphory-
lation is an enzymatically controlled electron transport reaction in which the

quinone coenzyme Q is presumably involved as a transporting agent and oxygen as a

terminal electron acceptor ( 50)

.

II II -

Ad-O-P-O-P-0
I. L

+
electron
aceptor

+ PO,
II II II .

->> Ad-O-P-O-P-O-P-0 +
L L 1.

electron
donor

+ 2e

Ad = Vi H=-

Summary : The promotion of a number of organic reactions may be explained in
terms of chelation mechanisms, which are still very qualitative. The similarity of

these reactions to biochemical catalyses and the wide occurrence of chelates in bio-
logical systems as biocatalysts indicate the possible importance of chelation in
natural processes.
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THE ASINGER REACTION AND ITS MODIFICATIONS

Reported by John MIesel October 31, 1963

The reaction of a ketone with aqueous ammonium polysulfide to yield an acid or

acid derivative has been called the Willgerodt reaction after its discoverer. In

I956 Asinger (1,2) reported that a modification of the Willgerodt reaction did not

give rise to the expected acid or acid derivative but to members of a series of

heterocycles. This discussion will deal with this synthesis. A review of some of

this material has been presented by Asinger and Thiel (3)

.

A3-Thiazolines (a) Preparation and identification . In his original communica-
tion Asinger (1,2) reported that by mixing diethyl ketone, elemental sulfur, and

gaseous ammonia at room temperature, water was produced, heat evolved, and a sulfur-
nitrogen containing compound of constant boiling point and molecular formula produced.

The nitrogen atom could neither be acylated with acetyl chloride or benzoyl chloride
nor quaternized with methyl iodide or dimethyl sulfate (k) . This was taken as evi-
dence for the grouping C=N-C. The compound had no active hydrogen by the Zerewitinoff
test indicating that sulfur was not in the form of a mercaptan. On acid hydrolysis
with lCffo acetic acid, the compound yielded diethyl ketone, 2-mercapto-3-pentanone,
and ammonium acetate (4) „ This behavior can be explained by assigning the structure
of the A3-thiazoline I to the product of this reaction. The formation of the ketone

C^H5 C = N
II I I

2 CaHsCCaHs + S + NH3
—> CH3-C C

CaH5

T -i^ otT°PC* H2
CaH5-C=0 C2H5 NH2

H+
il3

}

>\
s
/-CsH5 tf CH3CHSH

C2h/ X
OH

CaH5 ^NK2 CaHs
^C HOAc _ C=0 + NH4 OAc

C2H5 OH C2H5

and a-mercaptoketone by acid hydrolysis places the position and type of alkyl sub-
stitution in the thiazoline

This behavior was identical to that previously reported by Hesse and Gampp (5)
for a natural product found in an African arrow poison. These authors also proposed
the structure of a A3-thiazoline for that product. The only other report of a A3-
thiazoline was that of Garreau (6) who prepared 2-imino-^--bromo-A3-thiazolines by
the addition of bromine to 2-aminothiazols,

Asinger and his co-workers have shown that this reaction could be generalized to
several types of ketones. Some typical ketones used and the yields of the A3-thiazo-
lines obtained ares aliphatic ketones -acetone (7-5$) (7) > butanone (85$) (8), di-n-
propyl ketone (90/0) (3) > methyl-isopropyl ketone (2 products - 62$) (9)', cyclic
ketones - cyclohexanone (80$) (10), cycloheptanone (62$) (3) > acetophenone (12$) (11).
Propionaldehyde and butyraldehyde were found to give thiazolines in about 10$ yield
but the reaction failed with acetaldehyde (3)

.

The original procedure involved suspending elemental sulfur in the ketone and
bubbling ammonia through the suspension at room temperature and atmospheric pressure.
For reactions involving higher molecular weight or branched ketones, it was necessary
to run the reaction in boiling benzene (9) . This removed the water formed as well as
increasing the solubility of sulfur in the reaction mixture. In some cases, such as
di-n-hexyl ketone, it was necessary to mix the ketone with an equimolar quantity of
pyridine for reaction to occur (3)

„

The majority of alkyl substituted A3-thiazolines are clear, colorless liquids
with a characteristic unpleasant odor. With increasing molecular weight the odor
first becomes terpentine -like and finally disappears. Several are crystalline com-
pounds including that prepared from cyclohexanone and those containing aromatic rings.
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Almost all A3-thiazolines are stable on standing. They are insoluble in water but

soluble in all common organic solvents. Crystalline picrate derivatives can be made

from most on treatment with picric acid.

Asinger and Gluch (12) have reported the spectral characteristics of a group of

twelve A3-thiazolines. In the infrared a band at I67O+ 2 cm.
"xwas assigned to the C=N

stretch. Aromatic substitution in the 2-position lowers the frequency about 8 cm.
1

.

The ultraviolet spectrum in methanol showed a maximum at 230+3 rau with log£ of 3-0

for a series of seven thiazolines. No nuclear magnetic resonance spectra of the A3-

thiazolines have been reported.

(b) Mechanism of A3-thiazoline formation . The intermediates as proposed by

Asinger and his co-workers (3,4) involved a sulfhydrylation followed by ring closure.

CH3 CH3 CH3 CH3II 1
I

CH2 CH CH CHSE
I

|f +s S I I

C=0 N C-OH 5 > "C-OH > C=0
I

x
I

from

CH2 CH2 (NH4 ) 2Sx:
CH2 CH2

CH3 CH3 CH3 II CH3 III

II m C2H5 NH2

C^s^ X
0H IV

CsH5 -C=0 NH2 CsH5 -C = N

m + tv iggO^ CH3-CH_CC^5
v
^^ CH3-CN )<C

r^S

or
NH311

0^5-0=0 OH

CaHsCCaHs + CaHsCCHCHs -ggg* CH3CHo 0^"?
SH

An alternative path where the gem-hydroxylamine IV looses water to give a ketimine
VII which then reacts with the a-mercaptoketone can also be proposed.

-H20^ C=NH

CaH5^ yiI

+
"v.

!V ^sy a> c=m + m
«==r

Asinger (l) found that a highly sulfured ammonium polysulfide generated in situ
was the active agent of sulfhydrylation. Aside from the recovery of ammonium poly-
sulfide from the reaction mixture, it was found that the incubation period previously
observed in the reaction was eliminated if a small amount of ammonium polysulfide was
added j addition of cupric sulfate stopped the reaction with cupric sulfide precipi-
tating; and finally that a highly sulfured ammonium polsulfide would give thiazoline
formation without the presence of elemental sulfur. The postulate that the active
sulfur adds to the enol form of the ketone was tested by the use of unsymraetrical
ketones (8,9,13,14,15). The formation of two A3-thiazolines would be expected if
there were two possible enols. Assuming that the distribution of products accurately
showed the reactivity of the cc-positions, the authors found that the reactivity fol-
lowed the order CH2 /> CH> CH3 (Table 1) . This same order of reactivity is found in
the Mannich reaction (l6,17) in which the enolate is known to be the active species.

There is no direct evidence to support the formation of the episulfide interme-
diate II but Bateman et al.(l8) have reported that a small amount of 1,2-epithiooctane
is formed in the reaction of elemental sulfur with 1-octene. That a-mercaptoketones
could be an intermediate was supported by the observation that the reaction of mer-
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Table 1

ketone i mercaptan formation in the position on basis of product

CH3 CH2 CH

CH3COCH2CH3 100

CH3CCH(CH3) 2 36 - ^

CH3CH2CCH(CH3) 2 " 92 8

CH3C-{3 50 - 50

captoketones, prepared by treating a-bromoketones with NaSH, with carbonyl compounds

and ammonia gave A3-thiazolines in all cases (18,19). In most cases the yield of

thiazoline was higher

,

The reaction of a ketone with ammonia has long been known but the gem-hydroxy-

amines are generally not isolable (21). It had been reported by Mcleod and Robinson

(22) and Renshaw and Searle (23) that alkyl mercaptans will condense with gem-hydroxy-

amines to form thioethers and water. However a ketimine could be formed by dehydra-

tion of the gem-hydroxyamine . Mercaptoketone could add to the ketimine in a manner

analogous to the addition of an enolate to an aldimine in the Mannich reaction to

form the adduct V. The amino group and the carbonyl group of the adduct V could then

react to close the ring with the loss of a second molecule of water in analogy to the

reaction of a primary amine with a ketone to form a Schiff ! s base. Although some

Schiff's bases of ketones have been prepared (2^), they were not formed under such

mild conditions. The authors attributed the driving force for ring closure to the

stability of the final product.

The possibility that another series of intermediates could account for ring

formation arose from the observation that when 2-mercapto$-pentanone was mixed with

chloral, formaldehyde, or propionaldehyde , a half-mercaptal VIII was formed. This

adduct could be trapped using acetyl chloride (19) . Treatment of the acetate IX with

gaseous ammonia leads to A3-thiazoline formation. However no acetyl derivative was

C2H5 -C=0 C2H5 -C=0
° C2H5C=0 0-CCH3 CsHs-C = N

CH3CH + 0=</ > CH3C ^i CHsHC y
CE 2 ^> HC CHa

I

NH '
N S-CH20H

pyr X S
X ' S

SH H
vin ^ CH3

formed when a ketone was treated in the same manner. Although this is evidence

against this series of intermediates, the authors admitted that it still was not

disproved.
(c) Synthetic modifications . As noted before, previously prepared a-mercapto-

ketones were used in the mechanism study. In addition to this use, such a-mercapto-

carbonyl compounds extend the scope of the original reaction. Hot only can a wider

range of both mercaptoketones and aldehydes be prepared but different degrees and

types of substitution on the thiazoline can be obtained. With this modification the

mercaptocarbonyl compound does not have to be derived from the carbonyl compound with

which it reacts. Lists covering sixty A3-thiazolines prepared in this manner with

their yields can be found (19,20). The yields range from lj5 to S>k$>. In all cases

the only product found was that resulting from the addition of the a-mercaptocarbonyl

compound to the carbonyl compound. No self-reaction of a-mercaptocarbonyl compounds

was found under these conditions.
Another variation of the A3-thiazoline synthesis was also developed by Asinger

et al. (25) . It was noted that an equilibrium could be set up between the mercapto-

ketone and the a,a' -diketodisulfide X. Treatment of the disulfides with hydrogen

OSH 0CH3 CH
3|?

2 CaHs- C-CHCH3 + S —*» C^sCCH-S-S-CH-C-CaHs X
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sulfide , ammonia , and a carbonyl compound yielded the expected thiazoline. In most
cases this technique was synthetically useless since the disulfide was prepared from

the a-mercaptoketone itself. However it could he used to prepare thiazoline s from

CC-tetralone which was impossible using the other methods (26).

S2 3Na H2S,NH3

2 C'sHs

(d) Reactions of the A3-thiazolines . The dehydrogenation of A3-thiazolines was

carefully studied since it offered a new, simple route to members of the thiazol

series. In addition to this synthetic interest, this offered a means of identifying

the thiazolines since the thiazols could be prepared by other routes. It was found

that ferric chloride, potassium ferricyanide, potassium dichromate, hydrogen peroxide,

and sulfur could be used with varying degrees of success (27) . The procedure giving

the best yields, 80-90$, and having the widest utility was treatment with powdered

sulfur at 125-135°. The authors originally proposed that the mechanism of dehydro-

genation first involved a tautomerization to the A4 -thiazoline, but since spectral

and chemical evidence (12) indicated that such a tautomerism did not occur, a free

radical mechanism was proposed.
Three cases of dealkylation of A3-thiazolines to thiazols by heating have been

reported. In each of these cases the final result was the removal of an alkyl group
from carbon-2 and a hydrogen from carbon-4. The hydrocarbons so removed were toluene

( 13) , propane ( 15) , and methane ( 28)

.

Hydrogenation of A3-thiazolines to the corresponding thiazolidines has been
attempted using Na-alcohol, A1-K0H, Na-ammonia, Al-ether-water, and LiAlEj. (3,29)but
in all cases ring opening occurred. Attempted alkylation with NaNH2-toluene followed
with ethyl bromide led to ring opening and alkylation on the sulfur (30) . Reaction
with n-butyllithium or phenyllithium followed by hydrolysis led to ring cleavage with
the formation of an a-mercaptoketone and an amine (31) .

Heilbron and Cook (32) reported that studies in the thiazolidine series showed
that carbon-2 and its substituents were exchanged on treatment with an aldehyde and
pyridine. A similar phenomenon was found in the A3-thiazoline series (3). With
oxalic acid catalyst and heating to drive off the acetone produced, the following
transformation was observed.

CH3-C = N
°

for
w

COaH

CH3C = N
/CH3CHaq5sAcHa

II. Synthesis of A4 -thiazolines. It was found that A4 -thiazolines could be
prepared by reacting a-mercaptoketones with aldehydes or cyclohexanone and a primary
amine at 0-5 (33) . Only 2-mercapto-3-pentanone and 2-mercaptocyclohexanone were

C2H5C=0

CH3CHSH
+ CH3C + CH3CH2CH2CH2EH.

H

caH5C

CH3-C

N-
,CH2CH2CH2CH ;

,CH<

NS/XH

used, but any primary amine and all aliphatic aldehydes up to seven carbons could be
used. An aldimine had to be previously prepared to use benzaldehyde in this synthe-
sis (3^)0 Only one synthesis of such a A4 -thiazoline had been reported in the pre-
vious literature (35)

•

The original assignment of structure was made on the basis of molecular weight
and formula, acid hydrolysis products, and analogy to the A3-thiazoline synthesis.
This assignment was confirmed by reduction of the products with concentrated formic
acid which indicated the presence of an enamine. The thiazolidines produced could be





- 22 -

compared with those prepared "by unambiguous methods. Spectra were obtained later.

In the infrared the C=C bond shows an absorption band around 167O cm. ; the ultra-

violet showed a single maximum at 251 mu (log£ 2.7) (12).

The A4-thiazolines are colorless to yellow, dis tillable liquids with an amine

-

like odor. They are unstable and oxidize on standing; in acid solution they are

readily hydrolyzed. Crystalline picrate derivatives are easily made (33)

•

Three possible series of intermediates for this reaction have "been proposed by

Asinger et al, (33). The first and second of these would be analogous to those

originally proposed by the authors for A3-thiazoline synthesis and differ only in

timing.

CH3 f
1

/CH3 /CH3

OSH HN-CH3 C2H5 -C=0 HN C2H5-C - N CaH5 -C - N

CaH5 -CCHCH3 + HO-C-CH3 -^ CH^HC_ „ C^f3 -^ CH3CH C^3 - CH3C C^

H XI XIII

OSH CaH5 -C=0 OH
IN II II

C2H5CCHCH3 + CH3CH -* CH3CHQ OH
CH3 XII

The other possibility is that the aldimine is first formed and that reacts with the

Ct-mercaptoketone to form XI.
H

H
CaH5 -C=0 N-

-CH3

CH<
CH3CH

CE3mZ> CH3C=NCH3 + CaH5CCHCH3 —> CH3C^SXC^
CH3

> XIII

SH

Aldimines of benzaldehyde , propionaldehyde, and butyraldehyde have been used and
were found to give A4 -thiazolines (3^). However all attempts to use ketimines
failed. It was found that hydrazine or hydroxylamine may be used in place of
primary amines (36) . This lends support to the aldimine as an intermediate since

hydrazones and oximes are known to be stable enough to be isolable.
Since such A4 -thiazolines were previously almost unknown, very little is known

of their chemical reactivity. The acid hydrolysis products are those expected from
previous knowledge. The reduction of A4 -thiazolines with concentrated formic acid is

of synthetic interest since thiazolidines are formed. The thiazolidine ring is part
of the penicillin molecule. The thiazolines prepared using hydrazine or hydroxy-
lamine can easily be deaminated or dehydrated to form the corresponding thiazols (36)

.

Ill . 5 ,6-dihydro-2H-l , 3-thiazines . Asinger and his co-workers (37) > from a

consideration of the Aa-thiazoline synthesis, attempted the condensation of a (3-mer-

captoketone with a carbonyl compound and ammonia. They observed the evolution of
water and the formation of a sulfur-nitrogen containing compound to which they assigned
the structure of a 5 >6-dihydro-2H-l,3-thiazine, a new type of heterocyclic system.

R

A
SH CH2

NN

R-CCH2CHR' + CsHsCCaHs
m$> R'CH CC^5

^S^ C3H5

The structure was assigned by elemental analysis, molecular weight, and analogy to
the A3-thiazoline synthesis. Acid hydrolysis yielded a g-mercaptoketone, the original
carbonyl compound and ammonia; the 3-mercaptoketone would then undergo elimination of
hydrogen sulfide forming an a,3 -unsaturated ketone.

It was found that the carbonyl reactant could be either ketone or aldehyde with
the aldehydes giving a more vigorous reaction and higher yields. It was also observed
the reaction proceeded best at a temperature of -10 in the presence of a little
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water (37,58)

.

The intermediates of this reaction are proposed to be analogous to those pro-
posed for A3-thiazoline ring closure. However since increasing the solubility of

ammonia in the reaction mixture by lowering the temperature markedly increases the

rate of reaction, it seems likely that the rate determining step is the formation of

the gem-hydroxyamine or the ketimine. The higher reactivity of aldehydes also sup --

ports this conclusion since they react more readily with ammonia than ketones (24,39)

•

The 5,6-3ihydro-2H-l,3-thiazines are either liquids which can be distilled under
vacuum or sharp melting solids. When freshly distilled, those with aliphatic resi-
dues smell like camphor and with increasing molecular weight of the substituents in-
creasing fragrance is observed. The compounds are basic and soluble in weak acids;
they form hydrochloride salts in ether solution but these are not suitable derivatives

,

Most can be characterized by formation of solid picrates.
Since this class of compounds has never been previously prepared, few of the

chemical reactions are known. In addition to acid hydrolysis the compounds also
undergo hydrolysis in base (37) • Attempts to oxidize them to the corresponding 211

-

1,3-thiazines with hydrogen peroxide, potassium permanganate, and other oxidizing
agents led to the destruction of the molecule. Hydrogenation with LiAlH4 gave ring
opening with formation of a Y-mercaptoamine (29). Treatment of the 5>6-dihydro-2H-
1,3-thiazines with cyclohexanone and oxalic acid led to the same exchange reaction
noted in the A3-thiazoline series (37)

•

IV. Synthesis of 5,6-dihydro-^H-l,4-thiazines . Asinger et al. (k-0) found that
reacting a-mercaptoketones with ethylene imine results in the formation of two coin-

pounds whose molecular weights indicated that the one was formed by the reaction of

one molecule of mercaptoketone with one molecule of imine while the other was formed
by the reaction of two molecules of mercaptoketone per molecule of imine. Using a

ratio of mercaptoketone to imine of 1:1 or 1:2, only the lower molecular weight
product was obtained. The molecular weight and formula as well as analogy indicated
the product to be XIV. The 1,4-thiazine structure was supported by the fact that the
reaction of 2-bromo-3-pentanone with the sodium salt of cysteine gave a product
identical to XIV.

NaS C2H5
C2H5C=0 CH2 -CH2 H2

^'^-"° CH2 ^_

' 1WEt

CH3iHSH
+ \/ H2^ UE3

*-
ww>*

+

H
HaN'

XlVa

However chemical and spectral evidence showed that XIV and its tautomer XlVa are in
equilibrium. The product isolated contained one active hydrogen, reacted with
phenyl! socyan id e, could be acylated, and was reduced by formic acid and therefore
possessed an enamine grouping. The infrared showed the presence of Ml and C=C. But
in the case of 2,2,3-trimethyl-l,4-thiazine with no hydrogen in the 2-position, the
infrared showed no M band but did show a C=N band. Even in this case treatment with
formic acid reduced the compound indicating that in some circumstances an enamine
group is present. Moreover the higher molecular weight product found in the original
reaction was shown to arise from the addition of a-mercaptoketone across the C=H bond.
No study has been reported on the possible solvent dependence of this equilibrium.

The reaction path proposed for this reaction was the reaction of the mercapto
group with ethylene imine, which had been reported by Bestian (k-l) to give ^ -amino

-

ethylsulfides, followed by ring closure to give the Schiff 's base. The other com-
pound obtained in the reaction is that formed by the addition of a second molecule
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NH2
I

0^0=0 CH2-CH2 CaH5 -C=0 CH2

ceJxse \/ —* cK3kJ<ms
— XIV ^± XIVa

of mercaptoketone to the original product of the reaction, XIV. With a ratio of

mercaptoketone to imine of 2:1 this product XV, a (2,3-c) -thiazolo-l,4-thiazine, is

formed in yields of 80-90$,, This assignment of structure is supported by infrared

C2H5 -C = C-CH3

N S

2 CaHsCCHCHa + CH2— CH2 H2C^ ^C-CaBc, CH2—CH2
' \ / —> H I U&3 < \ / + xiv

H XV H

(no MH, C=C band at 1660 cm. ) , and chemical tests (no active hydrogen, reduction
by formic acid shoving an enamine group)

.

The chemistry of both the dihydro-l,4-thiazines and the (2,3-c) -thiazolo-1,4-
thiazines is mostly unstudied- Both types of compounds are liquids which can be
distilled under vacuum but are unstable in air. The dihydro-l,4-thiazines are

oxidized in a few minutes to the corresponding sulfones. The completely hydrogenated
compounds of both classes are stable. Reduction of the dihydro-l,4-thiazines with
formic acid offers a new, synthetically useful method of preparing carbon alkylated
thiomorpholines. The perhydrothiazolothiazines obtained by reduction of the (2,3-c)

-

thiazolo-l,4-thiazines can not be quaternized, are stable to acid hydrolysis, and
form stable hydrogen halide salts.

V. "Self-reaction" products . In the A3-thiazoline synthesis reaction of two
moles of the a-mercaptoketone present was not observed. This was attributed to the

slow formation either of the gem-hydroxyamine IV or of the half mercaptal adduct V.

However self-reaction products could be obtained by preparing the a-mereapt o -gem-
hydroxyamine (or imine) and then adding a molar amount of the mercaptoketone (4,8)

.

The products of such a reaction were found to be the expected A3-thiazoline in
equilibrium with a 2,5-endimino-l,4-dithiane XVI, A positive mercaptan test could be

OH C2H5C = N f
H

1

1

'

I PTTPTT
CpHsCCH-CHa + CpHc;C— CHCH3 CHsC- _/C<.

I II s N
C2H5

SH NH2SH cP^S^^CaHs XVI

obtained but the product was only slowly dissolved in basej the product formed a
stable hydrogen halide salt while it was known that A3-thiazolines did not (l)

.

Haberl and Hromatka (42) supported the proposed equilibrium by the preparation of
2,5-dimethyl-2,5-endimino-l,4-dithiane XVII from the reaction of 2,5-dimethyl-2,5-
dihydroxy-l,4-dithiane XVIII and ammonia. They reported that the infrared of the
product showed SH, M, and a band they attributed to C=C or C=0. The last band is
now assigned to the C=N of the thiazoline. The reaction sequence would be:

CH3
sHOl/ \ CH3-C = N

^> II

I I OH ^-2 CH3CCH2SH -^
^S^ CH3

S Ui3
HaC_.C^SH ^±

xviii mi
Similar reactions have been noted using methyl amine (10), semicarbazide (43), and
phenylhydrazine (43) to give W-substituted 2,5-endimino-l,4-dithianes.
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It was also shown that three moles of mercaptoacetaldehyde react in the presence

of ammonia to give a product containing three sulfur atoms to one nitrogen (20)

.

Desulfurization with Raney nickel gave only triethyl amine. Molecular weight deter-

mination, no SH test, and a negative active hydrogen test indicated that the product

was l,4,7-trithia-2,5,8-endazacyclononane XIX. This structural assignment is in some

CHO
I

2 CH2SH

(CsH5)3N

HC = N
I

Raney
N.

,H

^CH2SH

S
I

HacF'
I

S —

SH
I

+CH2CH0

S-CH2C=0
I

HC — m

W
I

c

H

CH2

-H2

S
I

HC

^S&?CECH
I— N

CH2 H2C^ ^C-CH2SH
XIX

doubt since an equivalent reaction, the reaction of 2,5-dihydroxy-l,4-dithiane with

ammonia, was reported to give a product of the same empirical formula but a molecular

weight of 400-405 (42)

.

A simple self-condensation product was also noted for the reaction of a p-rnercap-

toketone with ammonia (38) . It was assigned as XX by reaction with Raney nickel,

molecular weight, and analogy.

CH3

II

2 CH3CH-CCH3
I

CH2SH

WL<

H-C
I

H2C

S

CH3

C -

I

NH
I

S
I

CH2
I

- C - CH
I I

CH3 CH3

Raney
Hi

'

' CH3CH3\
I !

CH3CH-CH Nil

XX

The a-mercaptoketones themselves are known to form dimeric products with the

loss of a molecule of water. In 1948, Hromatka and Engel (44) proved that the pro-
ducts were 2,5-endoxy-l,4-dithianes XXI. Their proof rested on the observation that
the acid hydrolysis of the disulfone XXII gave only a ketone and sulfur dioxide.

2

II

2 CH3CCH2SH

CH

_->CH<

KMn 4
?

XXII
HpO.

H
.+

II

2 CH3CCH2S02H

XXI XXII

-» 2 CH3CCH3 + S02

The formation of dimers was noted in the hydrolysis of A3-thiazolines using
mineral acids. In mineral acid dimers like XVIII are always formed. These dimers
often dehydrate in acid to form the endoxy compound but in some cases gaseous hydrogen
chloride is needed for this step ( 3,4,10) . In several cases treatment with hydrogen
chloride gas will dehydrate the molecule further to form the 1,4-dithiadiene (14,45)

.

(CH2) n
gas,

HC1
(CH2)J| |T(CH2) n n = 3>,5

VI. Some applications of the synthesis. The applications of this new hetero-
cyclic synthesis have hardly been developed. The dehydrogenation of A3-thiazolines
with powdered sulfur affords a means to prepare members of the pharmacutically (47)
important thiazol series easily and in good yield. Asinger et al. have used this
procedure to synthesize the thiazol portion of thiamine XXIII (27).
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?
H3

^-C = N
CH3^C - N

HO C=0 + CH2 nil q H II

CHp CHSH + MH3 HOCH2CH2^
XS^ ^ A ^S' XXIIT

CHjT
"

Ugi and Wischhofer (46) have used the addition of alkyl isocyanides to A3-thiazolines
in the preparation of 5 -methyl and 6-methyl penicillinic acid alkyl amides.
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THE STRUCTURE OF PRISTIMERIN

Reported by Arthur Henry November k, 1963

Introduction : Pristimerin (I) the active principle of Pristimera indica (Wild.)

•was first isolated by Bhatnagar and Devekar (l) from the root hark of the plant in a

O.lio yield. Interest in the compound arose from the fact that it shoved considerable

in vitro activity against gram positive cocci, particularly against Streptococcus

viridans , the causal agent of sore throat, tonsillitis, streptococcal arthritis, and
similar afflictions which had previously been resistant to all known drugs and also
against Streptococcus faecalis which is known to cause urinary complications. I, how-

ever, is ineffective against gram-negative organisms (l) . A closely related compound,

celastrol, ( II) , which is identical with tripterine (2) will also be discussed in this
abstract. II has been isolated from the root bark of Celastrus scandens (3) and has
several desirable antibiotic properties.

Important Reactions : Scheme I contains a chart of several of the reactions nec-

essary for the determination of the structure of I along with the major ultraviolet
and infrared spectral absorptions for the compounds listed. The evidence for the
structures assigned to these compounds will be the subject of this abstract.

Composition of I: I has been assigned the molecular formula C3oH4O 4 (4,5,6).
It has one methoxyl group (Ziesel), at least four carbon methyl groups (Kuhn Roth),
and one active Hydrogen ( Zerewitinoff ) (l,3.,4,6,7) • It possesses an hydroxyl group
which is hydrogen bonded (3350 cm. 1

, weak) (4,5,8) and two carbonyl groups (1724,
1590 cm." 1

) (4,5,8)- The iodine number of I indicates that it has four double bonds

(4,6). Of the two carbonyl groups present in I, the one absorbing at 1724 cm. -1 is

postulated to be an ester grouping. II, which is identical in spectral properties
with I, yields the latter compound on treatment with diazomethane. II is regenerated
on treating I with base (4,6,9,10). The carbonyl frequency shifts for this reaction
confirm that I is the methyl ester of the carboxylic acid II. Furthermore, I may be
reduced by lithium aluminum hydride to a product III, C29H42 3 , which has, among other
changes of a reducing nature (cf. Scheme i) , lost one methoxyl group, one carbonyl
group, and gained a new hydroxyl group (11,12), confirming the presence of an ester
grouping in I.

On the basis of a zinc dust distillation of I yielding a small amount of an alkyl
picene (4) I is proposed to have a pentacyclic carbon skeleton. If I is subjected to
permanganate oxidation in acetone (ll) a product, IV, C24H34 5 , is formed. Selenium
dehydrogenation of IV then yields a 1,2,6-trialkyl phenanthrene (13) • IV no longer
contains the fundamental chromophore associated with I but still contains the ester
grouping (12) suggesting that this group is probably removed from the main chromophore
in I. The structure postulated for IV is supported by its infrared spectrum (l802,

1754, 1733 c^- 1
f carbonyl) and by the nuclear magnetic resonance spectrum which shows

6 singlet methyl peaks and one singlet olefinic proton (12). IV was further charac-
terized as the benzyl imide (C31H41N04 ) by reaction with benzyl amine and by conver-
sion to an a, p-unsaturated 5-lactone (C23H36 3 ) with lithium aluminum hydride (12).
Alkaline hydrolysis of IV led to the unstable parent acid which gave the corresponding-
dimethyl ester (C26H4o s ) on treatment with diazomethane (12). IV, therefore, further
confirms the pentacyclic nature of I.

Pentacyclic triterpenes (C30 ) are widely distributed in the vegetable kingdom
(l4) . From the evidence that has been presented above and further in this abstract,

I is believed to belong to this family of natural products. The

V, Oleanane f -p
^ fact that all methyl peaks of I and its derivatives appear as

singlets in nuclear magnetic resonance spectra (15) suggests that
I has the oleanane ( V) type ring E. Also, the value of the ester
carbonyl in I (1724 cm." 1

), while low for normal esters, is char-
acteristic of quarternary esters in general and is exhibited by
a number of triterpene esters, for example methyl arjunolate
(1724 cm. 1

) (l6). As a result of this relationship with the
triterpenes which have oxygen functions usually in the A ring

(14) and from the loss of the chromophore in IV, it is seen that the chromophore in
I is probably associated with the A/B rings.
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Scheme 1: Important Reactions of I and the Major Infrared (Nujol) and Ultraviolet
(Ethanol) Absorptions of the Products. (Ultraviolet wavelengths are in mu. followed
"by extinction coefficients, in parentheses, expressed as log £ values. Infrared fre-
quencies are in cm.

"1
).

COoH C02CH3

HO

II, Celastrol
C29H38O4
U.V,: 422(3.84)
I.E.: (KBr) 1693, 1595. 8^5

I, Pristimerin

030^40 C*4

U.V. : 425(3-9)
I.E.: 1724,1590,845

LiAlH 4
Tetrahydrofuran \ Alkaline Solution

Air

2CH3

IV, Oxidation
Product of I

C24H34O5
U.V. : 228(3.25)
I.E.: 1804,1754

1733

(CH3 ) CO
2

K2C03

III, Reduction Product
of I

C2gH42 3
U.V. : 284(3.49)
I.E.: (CHCI3)

3570, 3365,3310

VI, Pristimerol

^30^42^4
U.V. : 248(4.49)
I.E.: 3580, 3350, 1696

(1720 in CHCI3)

1598, 1494

C02CH3

1. (CH3 ) 2
S04

2. KMn04 , Acetone

X, Acetone Addition Product
of I

C33H46O5
U.V. : 281(3.35)
I.E.: 1730, 1714, 845

2CH3

OMe

MeO

XI, Oxidation Product of VI Dimethyl Ether
C32H44O5
U.V. : 301(4.01), 249(4.16)
I.E.: 1730, 1714, 845





Figure I: The Ultraviolet Spectrum

of l(A) in EtOH and ortho-quinone

(B) in ether
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Early Structural Concepts: The early chemical work on the structure of I, or its

acid form., II, dealt mainly with the nature of the chromophores. Prior to the dis-

covery that one of the carbonyl groups of I was contained in an ester grouping (6) it

was generally agreed (2,4,5,7, 17-19) that I

was an ortho-quinone , due to a resemblance be-
tween the shape of the ultraviolet and visible
absorption curves of I and those typical of
ortho-quinone s (20) (figure l) . I takes up one

:.,<€ v / \ mole of hydrogen when reduced (3-5>9,2l) catal-
ytically to yield a dihydric phenol, Pristimerol,
VT, C30H42O4 a catechol whose properties will be
discussed below. The formation of this catechol
suggests an ortho-quinone rather than a para-
quinone. A basic solution of VI in air darkens
and reforms I (4,5,9,21) suggesting that there
is an ortho-quinone/catechol relationship be-
tween I and VI o Furthermore, the solubility of

I in alcoholic sodium bisulfite and concomitant
decolorization suggested the presence of an
ortho-quinone (3,4,17,19)* These early workers
further concluded that there was an hydroxyl

group present in I which was hydrogen bonded (3350 cm. -1
, weak) with one of the

quinone carbonyls. This hydroxyl group was further postulated as being in a position
ortho - or peri- to one of the carbonyls on the basis of a positive result (3,4,9) with
the Dimroth test (21). This test makes use of the intense color formed when boro-
acetic anhydride reacts with a quinone which has an hydroxyl, or potential hydroxyl,
group present in a position ortho- or £eri- to a quinone carbonyl. The reaction
scheme is given in Scheme 2.

Scheme 2: Formation of a Boroacetate with Quinones

OH
raj

Boroacetic
Anhydride

J3i0C0CH3 )

1

intense color

Conflicting evidence, however, in these papers and in others, indicated that I

was probably not an ortho-quinone . This evidence comes from a series of color tests,
all positive for quinones, which fail with I. The Craven reaction (22) which gives
intense colorations with quinones in the presence of ethyl eyanoacetate and excess
alcoholic ammonia is negative with I (6,19). The ethylene diamine test (23) which
forms a red color with quinones in solution is likewise negative with I (6) as is the
formation ofa product with the reagent on a synthetic basis (l8). The indole test

(23) , giving a violet color with quinone solutions to which have been added an ethan-
olic solution of indole plus concentrated hydrochloric acid is another fairly general test
for quinones. No formation of a colored indolyl quinone was noted, however, for I

(6). Finally, a value of +.297 Jev. for the oxidation reduction potential of I is

exceptionally low if I is a quinone (5) the value of the ortho-quinone electrode being
+.792 mv. (24)

.

While the shape of the ultraviolet and visible curve of I resembles ortho-quinone
(Figure l) and substituted ortho-quinones as noted by the early workers, the intensity
of the visible band at about 425 nip., is greater than that of quinones (25,26), by a

factor of nearly ten (6). Furthermore, the absence of an infrared band in the region
of 1664 cm. 1 for the non-hydrogen-bonded carbonyl (8) argues against the formulation
of I or its carboxylic acid form, II, as an ortho-quinone.

The Structure of I: On the basis of the reactions of I and on spectral evidence,
Grant and Johnson (oj proposed that I was a hydroxy substituted methylenequinone and
that this was the fundamental chromophore of I. Spectroscopic and synthetic evidence
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for I suggested a para -methylenequinone rather than an ortho-methylenequinone , as dis-

cussed below. The ultraviolet maximum of I is at a higher wavelength than that of

simple para- methylenequinone s (e.g. citrinin, VII, X max.
ethano1 = 333mu- ,log£ = 3-92

(27); fuscin, VIII, X Mf|.
e hano1 = 355mu.,log£ = h.kk (28)). Therefore, they sug-

gested that the fourth double bond of I be conjugated with the methylenequinone sys-

tem (e.g. haemetin, IX, X jy&.
ethano

^ = ^Omu
.

, log£ = h.60 (29)). Furthermore, IX

shows in its infrared spectrum, v max?"
1
" = 1595cm." 1 for its methylenequinone carbonyl,

a value which compares with the value 1590cm." 1 in I. It should be noted, however,

that while the same phase is used in each of these spectra, the comparison is made on

the spectrum of solid material which could lead to ambiguous results.

COc-H

CH3 CH3 IX: Haemetin

VII: Citrinin VIII: Fuscin

Support of the choice of a para -methylenequinone structure comes from the high
reactivity of the para-methylene bond. Acetone, in the presence of potassium carbon-
ate (7,30) can add across this double bond to give an adduct, X, C33H4SO5. This ad-
duct possesses a new carbonyl band (I713cm« "S aliphatic carbonyl) which disappears
when the dimethyl ether of X is treated with 2,4-dinitrophenyl hydrazine, giving the
adduct C43.H50N4O8 (30)' Reduction of the aliphatic ketone may also be accomplished
by treating the dimethyl ether of X with lithium aluminum hydride giving a product,
C34H52O4, in which the aliphatic ketone is lost, a new secondary alcohol appears, and
the ester is reduced. Such additions are rare (31) and indicate the high reactivity
of the methylenequinone system relative to ordinary unsaturated systems.

Pristimerol, VI, C32H42 4 , formed by the uptake of one mole of hydrogen when I

is catalytically reduced with potassium borohydride (*l-7,9>2l), has a benzenoid ultra-
violet spectrum (6). A green color was given by VI in the ferric chloride test sug-

gesting the presence of a phenol (possibly a catechol) (3>^6,9)- VI forms a di-
methyl ether, diacetate, or di-para-nitro benzoate, implying that this is a dihydric
phenol (5). The Asahina reaction, which consists in the addition of chloropentaammine
cobalt chloride to a solution of an ortho-quinone or para -quinone (32) to give a dark
brown color, was positive for VT suggesting (6) a dihydric phenol. Air oxidation of
VI to I in alkaline solution (6) further substantiates this proposal. Paper chroma-
tography of VI in a n-butanol/water system affording an R value for the compound, VI!,

of 0.88 on Whatman No. 1 paper (6). The R^ value on Whatman Wo. 1 borate treated pa-
per was 0.73- This lowering of the R^ on borate treated paper is characteristic of
catechols (33) • The Gibbs test (jk) is negative (6) for VI. This test is positive
for phenols which have an unsubstituted para-position and makes use of the reaction
of 2,6-dichlorobenzoquinone chloroimide as shown in Scheme 3» Therefore, the posi-

tions para to both hydroxyl groups are probably
blocked. A positive test with perbenzoic acid
and tetranitromethane (3) indicates that VT has
retained an unconjugated double bond.

The ultraviolet spectrum of VI is that for
a highly substituted catechol (6) showing a sing-
let rather than the characteristic doublet (35)

•

This high degree of substitution is further con-
firmed by the finding that the nuclear magnetic

resonance spectrum of the dimethyl ether of VI shows the presence of only a single
aromatic proton, t = 3»35 p. p.m. ( singlet) (12,15). VI also couples with only one
molecule of diazotized sulfanilic acid (5,6). The nuclear magnetic resonance spectrum
of the dimethyl ether of VI shows the presence of an aromatic methyl group, t = 7*85
p. p.m., singlet (12,15). From the information thus far, VI can have any one of the
partial structures VI a-f . The fact that VI still possesses an isolated double bond

Scheme j5: The Gibbs Test

CI

Cl

^ HO

Cl

Cl





Via VTb Vic

OH

J
*~s

triter

-

Txpene 0HA
triter-~ pene

OH
OH

triter-
*->-. pene

5"
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and that double bond is not conjugated with the aromatic ring (since the spectrum of

VI is not the same (6) as those of substituted styrenes( 36) ) gives further support for

Partial Structure of VI

via Vie Vlf

triter- triter- triter-

OH
H° OH

the partial structures Vla-f . These partial structures are further confirmea by the

presence- in the nuclear magnetic resonance spectrum of the aimethyl ether of VI (12,

15) of a' quartet,, t = 4.27 p. p.m. corresponding to the vinyl proton split by two un-

equal allylic protons which themselves appear as a broad envelope centered at t =

6.87 p. p.m. If the dimethyl ether of VT is subjected to permanganate oxidation in

acetone, a new compound, XI, C32H4405 (6) is formed, in which the allylic protons
have been converted to a carbonyl group, 1609cm. 1

. A questionable analogy (due to

use of different phases employed) for this carbonyl frequency is given in the spectrum
of 10-dehydro-9-oxo-ferruginol, XII, ( 37) which, in a potassium bromide pellet, shows a

carbonyl peak at l6l0cm.
-1

and ultraviolet maxima, in 95% ethanol,

at 246m|i. and 3l6mu. with log£ values of 4.21 and 4.02 respectively.
Support for structure XT comes from the nuclear magnetic resonance
spectrum of the compound which no longer contains the broad allylic
peak, t =6.87 p. p.m., and the vinyl proton at t = 4.27 p. p.m. is

shifted to a singlet at t = 3*87 p. p.m. . The aromatic methyl reson-
ance is shiftea from t = 7.85 p. p.m. to t = 7»50 p. p.m. , which is characteristic of a

methyl group peri to a carbonyl group (12,15). On "the basis of this last observation,
VTb, a, e ana f wouia be eliminated as the partial structure of VI. The choice between
Via ana Vic is maae on the basis of the assumea biogenetic relationship between I and
the triterpenes in which an oxygen atom in the 3-position In the molecule is to be
expected (ll). Further evidence for Via as the correct partial structure of VI

may be deduced from the rearrangement products of I in acid (see below Scheme k) .

Additional evidence that the ester group is not a part of the main chromophore
can be obtained from the ultraviolet spectrum of VI which is similar to that of a

catechol and not that of a substituted salicylic ester (ll).

The possibility that I was an ortho-methylenequinone, would have led, by the above
sequences^ to a fully substituted aromatic ring.

Rearrangement Products of I with Acid: The chemistry of I is noted for the vari-
ety of rearrangement products produced from it by acids. Three different isomeric
products are formed from I depending on the conditions employed as shown in Scheme 4

below. The ultraviolet spectra of XHI and XIV are seen to be virtually superimposable
suggesting that they are closely related and both naphthalenoid in character. Further-
more, Johnson and workers (6,11,12,30) have shown that they are both ortho-dihydroxy
naphthalenediols by a sequence of tests similar to those discussed for VT.

Support for the postulated structure of XIII comes from the nuclear magnetic res-
onance spectrum of the compound (15) which shows an AB quartet ( t=2. 48,2. 94p. p.m.

,

J=8o2Cop,So) corresponding to two aromatic, ortho-protons superimposed on a singlet
(t=2.95p«P°ei ° ) corresponding to one aromatic proton. The two aromatic methyl groups
appear as singlets (T=7.47,7«56p.p.m. ) while the terminal methylene group appears as
a two proton doublet (t=4.95,5. 09p°p.m. ) . The aromatic substitution pattern is con-
firmed by clear peaks in the infrared spectrum (15): 893cm

_1
(one aromatic hydrogen)

and 815cm. (two aromatic hydrogens). Moreover, the only conspicuous peaks in the
mass spectrum of the diacetate derivative of XIII are located at m/e 285,24-3, and 201
(base peak) (15), which corresponds to cleavage between C-ll and C-12 accompanied by
deacetylation (285-42,243-42).

The nuclear magnetic resonance spectrum of XIV is in ful] accord with the struc-
ture proposea (15). The mass spectral data for the diacetate derivative of XIV also
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Scheme 4: Rearrangement Products of I with Acid and Their Major Infrared (Nujol) and

Ultraviolet (Ethanol) Absorptions. (Ultraviolet wavelengths are in up. followed by

extinction coefficients in parentheses expressed as log£ values. Infrared frequen-

cies are in cm. 1
.

)

C02CH3

MeOH, H2S04
or
U. V. Irradiation

Na , H2S04

2CH3

0,

HO'

I, Fristimerin

\ (CH3C0) 2

\ H2S04

"Thiele Acetate"

HC1
Hydrolysis

XIII, Isopristimerin-1
C30H40O4
U.V.: 333(3- k$), 317(5- 46)

29^(3.84) ,238(4. 78)

I.E.: 3525,3260,1684,892,
809

C02CH3

Strong
Acid

XV, Isopristimerin-3
C30H40O4
U.V.: 309(3.74) ,256(4.58)
I.R.: (CHCI3) 3559,3276,1727

XIV, Isopristimerin-2
C30H40O4
U.V.: 333(3. 44), 317(3. 42) ,295(3.83),

239(4.75)
I.E.: (CHCI3) 3518,3280,1723

support the postulated structure. In addition to the mass spectral peaks given for
the XIII derivative above, there are also found peaks arising from the D/E rings and
fragmentation thereof, stabilized by the ring D double bond. Peaks are observed at

m/e 263, 203( 263-60,- (-COOCH3)) and at m/e 249, l89( 263-14, 203-l4,-(-CH2)).

The nuclear magnetic resonance spectrum of XV (12) shows the presence of nine
methyl singlets: five tertiary aliphatic methyls, one ester methyl, one aromatic
methyl, and two aromatic methoxyl methyls. The aromatic proton appears as a singlet,
t = 3»24p.p.m. The C-6 and C-7 vinyl protons appear as an AB pair of doublets cen-

tered at t = 3.51>3'7Qp.p.m. , (J = 8.6) while the C-ll proton appears as a quartet,
t = 4.32p.p.m. split by the nonequivalent C-12 allylic protons, which themselves appear
as a broad envelope centered at t = 7«55» The formulation of XV as a divinyl benzene
derivative rather than one of the naphthalenoid variety is further justified by the
high intensity of the ultraviolet absorption of the compound (12). Scheme 5 shows a

possible mechanism for the conversion by acid of I to XIII, XIV, and XV. The reversi-
bility of the steps involving formation of XIV and XV is suggested by the conversion
of the latter compound into the former by the use of strong acids.

Scheme 3} Possible Mechanism for the Rearrangement of I in Acid
C0g€H3 C02CH3

> XIII
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The formulation of these rearrangement products provides further evidence that

partial structure of VI is correctly represented by Via. XIII and XIV still can cou-

ple with diazotized benzenesulfonic acid (ll) . Such a reaction is not consistent with
partial structure Vic since coupling does not normally occur in the 3-position

in a naphthalene nucleus. Furthermore, XIV is relatively stable to aerial oxidation
and fails to give a quinone after treatment with silver oxide, a fact more consistent
with 2,3- rather than 1,2-dihydroxynaphthalenes (ll).

Position of the Ester Group in Is The nuclear magnetic resonance spectrum of the
triacetate of III showed an AB type quartet, the doublets being centered at t=6.19 and
6.37p.p.m. ( J=10.5cp.s.) (15) • Nakanishi and co-workers (15) concluded from this data
that the resonance was due to a hindered primary alcohol attached to a quarternary
carbon atom. The conclusion was possibly based on the conception that the two protons
were unequal as a result of limited rotation of the -CH2 group about its bond to the
quarternary carbon. However, it can be shown (38) that these protons involved never
see the same field if attached to a quarternary carbon (in which the groups are not
identical) even when rotation is free. The Japanese workers (15) made the conclusion
regarding the hindered nature of the alcohol group and proceeded with the following
experiment. This experiment can be seen to be useful, however, in eliminating at
least one possible position of the ester grouping.

The dimethyl ether of XIV (acid form) was allowed to remain at 160 for one hour
in vacuo. The material was recovered unchanged. Since the authors had assumed that
the acid group would have to be in a hindered position, C-17 and C-20 were the only
possibilities, for the structures XIII and XIV had eliminated other possibilities.
Had the acid group been in the C-17 position, then the resulting p,7-unsaturated acid

would have reacted. Further proof that the ester (or

acid) group is not at C-17 was obtained from the fact
that treatment of this same acid above with hydro-
chloric acid led to two different lactones, C31H4204,
XVI and XVII. These two lactones arise from the ad-
dition of the carboxyl group to C-13 and C-l8 respec-
tively. If the acid group had been at position C-17,

then the 5-lactone could only have been formed by the
carboxyl group attaching to C-12,C-l4, or C-20 after
appropriate 1,2-migrations (15)° Furthermore, the
nuclear magnetic resonance spectrum of XVI supports

the structure shown with four saturated methyl peaks at t=8. 95^8 ° 89^8. 85, and 8„8l

p. p.m. (15), which is, of course, also consistent with other possibilities.
Catalytic hydrogenation of II gives a reduced compound identical with the acid

form of VI.. T'Jhen this reduced compound derived from II is acetylated and subjected to
treatment with lead tetraacetate a decarboxylated nor-compound,
XVIII,

C

32H4204, (15) is formed. This compound shows a new methyl
singlet in its nuclear magnetic resonance spectrum at t=8.42

p. p.m. corresponding to the methyl group at C-20 plus a broad
signal at x=4.87p.p.m. (olefinic proton). If the acid group
had been at C-17, then decarboxylation would not give rise to
the signal corresponding to the allylic methyl group, which
is present (15)

.

If I is treated with lithium alumium hydride to give III,
which is then allowed to react with phosphorus pentachloride, followed by ozonization,
acetaldehyde is formed (12). Such a reaction sequence, as outlined in
dicates that I has the partial structure la ( 12,39,^0) . This sequence

Scheme 6: Sequence of Reactions from I Forming Acetaldehyde

Lactones Formed by Treating the
Dimethyl Ether of XTV(Acid Form)

with HCL

OCH

H3CO

XVIII:
Nor-Compound

H3CCO

H3C-C-O

Scheme 6, in-

is common in

la C02CH3

LiAlH4

H^OH

PClc
CH3CHO

s—> Acetaldehyde

+ isomers
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the field of diterpene chemistry and has provided the basis for determining the struc-

ture for a number of such compounds, one of which is abietic acid, XIX {kl,k2). On

the basis of the assumption that I does in fact belong to the triterpene series as

postulated and, by a P-amyrin type precursor (XX) is related to cerin (XXI) (15,^3)

XIX: Abietic Acid XX: p-Amyrin XXI: Cerin

OpH

then the partial structure la can only occur if the ester group is in the C-20 position
in I (l2)o Cerin is seen to be related to f3-amyrin as the 2-hydroxyl derivative of

friedelin ( kj>) , the structure of the latter compound as a derivative of P-amyrin being
confirmed by the conversion of friedelene (XXII) to olean-13(l8) -ene (XXIIl) by treat-
ment of XXII with acid ( kk) .

XXII XXIII

The infrared carbonyl frequency in XIII undergoes a noticeable shift (1702 to
1732cm. 1

) when the aromatic hydroxyl groups are masked in the diacetate of XIII, sug-
gesting (since dilution studies on XIII show no change in the frequency (15)) that the
ester carbonyl is hydrogen bonded with one of the carbonyl groups (15)- The infrared
spectrum of XIII in carbon tetrachloride shows a medium peak at 3584cm. 1

, a strong
broad peak at 3400cm. x

, and a peak at 1702cm., 1 which, on changing to dioxane as sol-

vent, shift to 3600, 3560, and 1730cm. respectively, again indicating the presence of
hydrogen bonding in the molecule. Models show (12) that XIII can form a hydrogen bond
between the ester carbonyl and the 2-hydroxyl and that this is easier if the ester
group is in the P-position (12,15) ° The fact that a similar phenomenon in XIV is

lacking is left unexplained.
Stereochemistry of the Ring Junctures in I: The stereochemistry of the ring

junctures in I stems from assumed biogenetic transformations from a p-amyrin, XX, type
precursor. I is concluded to be a triterpene in a most advanced oxidative stage (15)°
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INTRAMOLECULAR CATALYSIS OF AMIDE AND ESTER SOLVOLYSIS

Reported by J. Ho Incremona November 7, 1963

Introduction -- The investigation of enzymatic esterase catalysis has indicated

that suitably positioned functional groups may be catalytically involved in the hydro-
lysis of esters and amides (1,2) . Hence the study of intramolecular catalysis in

model systems incorporating the functional groups of interest has been undertaken with
the hope of evaluating the importance of these processes in enzymatic systems. The

purpose of this seminar is to report the present state of knowledge concerning the
mechanisms of intramolecular catalysis of ester and amide solvolysis, to compare and

correlate the data of the different intramolecular processes and to extend this com-
parison to their intermolecular analogs where profitable.

Hydroxyl Group Catalysis of Ester Solvolysis -- The facilitation of ester hydro-
lysis in the mono-esters of 1,2 and 1,3 diols has been established by the work of
Henbest and Kupchan. One of the first reports of hydroxyl group catalysis is that of
Henbest and Lovell (3) who have shown facilitation of hydrolysis in the 3-acetoxy-5-
hydroxy compounds of the cholestane and coprostane series. Hydrolyses carried out in
an aqueous methanol-benzene solution at 20° in the presence of KHCO3 shows that whereas
compounds I and IV undergo more than 70$ hydrolysis after 65 hours, compounds II and
III undergo less than 20$ reaction. Under the same conditions 3-acetoxycholestane
does not undergo hydrolysis.

17 C8H17

CH<

CH3CO

I: 30!-Acetoxycholestan-5Q:-ol^ CH3C02
~ is

:

II: 3P-Acetoxycholestan-5a-ol; CH3C02-is<

CH3C0/\^^/
IIE. 3a-Acetcxyccprostan-3P-ol^ CH3CC2- is---

IV: 3P-Acetoxycoprostan-5P-olj CH3C02-is>

Whereas hydrogen bonding to carbonyl oxygen is known to lower the carbonyl stretch-
ing frequency, the reverse situation is observed for compounds I and IV. On this basis
the observed rate enhancement was attributed to ground state hydrogen bonding to ether
oxygen; thereby providing the necessary electrophilic component for displacement
at carbonyl carbon. West, Korst and Johnson (7,8) have estimated the energy
associated with hydrogen bonding in the 1,3-dihydroxyacetates of the bicyclononane and
nonene series to be negligible. These workers have suggested that a more reasonable
explaination of hydroxyl group catalysis would be as follows:

0---H—
\

c=o/
CH3

OH
661

\

CH3

-> products

C=0-
-H \ 0'^

OH'
~:h3

Such an approach stresses the importance of hydrogen bonding in the transition state.
In agreement with West, Bruice and Fife (9) have shown hydroxyl group catalysis

to be independent of the degree and type of hydrogen bonding in the ground state, and have
also shown catalysis to be important in compounds exhibiting no ground state hydrogen
bonding (i.e., cis-3-hydroxycyclopentylacetate)

,

It is possible to_
x
_explain the enhancement of ester hydrolysis on the basis of

general base catalysis as follows:

Refers to intramolecular general base catalysis
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A study of the kinetic solvent isotope effect (D2 vs. H20) upon this reaction led

Bruice to dismiss general base catalysis* in favor of specific hydroxide ion-intra-
molecular general acid catalysis (10-12) . Bender , Kezdy and Zerner (13) have shown,
however, that the kinetic expression derived by Bruice is incorrect, and furthermore,
derivation of the correct expressions for specific hydroxide ion-intramolecular general
acid and general base catalyse s*show that a kinetic solvent isotope effect is incapab3.e

of differentiating between these two mechanisms. A study of the rates of hydrolysis of
p-nitrophenyl salicylates has, however, provided Bender et. al. (13) with a method of
distinguishing between the mechanisms in question. The transition states associated
with specific hydroxide ion -intramolecular general acid and general base catalyses are
shown in V and VI, respectively^ If the catalytic process is presumed to proceed via

V, it is postulated that rate enhancement should
be observed with other nucleophilic species such
as imidazole, azide ion and sulfite ion. Neutral
hydrolyses carried out in the presence of either
of these nucleophiles yield ratios of ^salicylate/

^benzoate which are only slightly greater than

one; where the values ksalicylate/kbenzoate are

the ratios for salicylate esters and their cor-
responding benzoates. Hypothetical ratios calculated for hydroxide ion catalysis
yield values greater than 200„ The very large difference between the calculated
ratios and the observed ratios , strongly implies general base catalysis to be the

operative mechanism in the hydrolysis of p-nitrophenyl salicylates.

Kupchan, Eriksen and Friedman (Ik) have presented evidence for general base-
intramole cular general acid catalysis in the methanolysis of some 1,3-diaxial hydroxy-
acetates of the coprostane and strophanthidin series (Table l) . Evidence for general
base catalysis is illustrated by obtaining a linear plot for k bs. vs. the concen-
tration of triethylamine-triethylamine acetate at constant buffer ratio (3:1).

Table 1

Rates of Ester Solvolysis

kCompound

Coprostanol acetate (VII)

Coprostane -3P,5p-diol 3-monoacetate (VIII)
Strophanthidin 3 -acetate (IX)

Strophanthidol 3 -acetate (X)

Strophanthidin! c acid methyl ester 3-acetate
Cevadine-D-orthoacetate diacetate (XII)

(XI)

v
obs.

3.0 x

8.9 x
3.6 X
1.4 X

9.7 x
1.2 x

(sec

10-8

10-5

10"5

10"5

lO"
6

10
"5

-1>
Relative rates

1

300
1200
^70
320
400
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The postulation of hemi-acetal formation in IX (where CHO- replaces CH3 - at C 10 )

suggests the solvolysis may be subject to general base-bifunctional intramolecular
general acid catalysis.

More recently Kupchan, Eriksen and Shen (15) have obtained evidence for intra-
molecular general base -intramolecular general acid catalysis in the methanolysis of
XII. A plot of k k s

vs. the logarithm of the buffer ratio yields a straight line of
zero slope between -6.4 and 0.4 log. buffer ratio. This horizontal portion is postulated
to be the region where the ring nitrogen is essentially non-protonated and can serve
as an intramolecular base. The proposed transition states for VIII and XII are shown
below.

CH3 r

CH ^CfJ^r-H
-J ^H-0 N-

VIII

CH;

XII

Hence f it is concluded that no general mechanism can be formulated for hydroxyl
group catalysis^ the mechanism being dependent upon the substrate as well as the re-
action conditions employed

„

Hydroxyl Group Catalysis of Amide Hydrolysis -- Recently examples have been shown
whereby the catalysis of amides is thought to proceed via lactone formation (l6)

.

Such acceleration has been shown to occur in the hydrolysis of 5-hydroxyvaleramide and
Y-hydroxybutyramide, The introduction of an hydroxyl group in the y position of
butyramide increases the ratio of alkaline and acid hydrolysis by a factor of 15 to 20

(17) .

Carboxyl Group and Carbcxylate Ion Catalysis -- Although intramolecular carboxyl
group and carboxylate ion participation had been previously postulated (18-21), only
recently has significant evidence for such assistance been provided. A study of the
hydrolysis of phthalamic acid in buffered solutions clearly shows the observed rate to
be independent of hydrogen ion concentration in the FH range 1-3 . In the PH range 3-5
a continual decrease in rate is observed. The pKa for phthalamic acid has been experi-

mentally found to be 3«79° These results strongly imply the reaction rate to be de-
pendent upon undissociated phthalamic acid (22) . Similar observations have been made
by Leach and Lindley in the hydrolysis of glycyl-L-asparagine and L-leucyl-L-aspara-
gine (23) . Table II illustrates the catalytic power of carboxyl group participation.

Table II

Reaction

The Acid Hydrolysis of Substituted Benzamides

H+(M) k x 108sec7
1

T°C

Phthalamic Acid
Benzamide + H+
o-Nitro-benzamide + H+"

47.3 0.001 23,500
48.7 0.001 0.31
100 0.538 1,000

Bender (22) has postulated a bifunctionality of the carboxyl group involving
simultaneous donation of a proton to the amide nitrogen and attack on carbonyl carbon
leading to formation of phthalic anhydride. A stepwise process as represented in
scheme ii is also a possibility,

C-O-H

C»HH2
8

11

NHo

v
~T-

C-(T

C-OH
M2

<^

<£1- OH
NH2

^0 + m3f
Hg^

'n\

OH

FE
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Evidence for anhydride formation was obtained by a study of the isotopic distribution

found in the acidic products formed from the hydrolysis of phthalamic acid-carboxamidc

C13 in H2
18

. (22,2*0.

^ H ^\^/ ^\ II
18

•^n-Cis-KHs iii. V\C^R E20^ f \\~ C13-0H

C-OH :-0H

H2o|iv

W ^ W
6 ° o

+

Ci3-4i r^Vc13-0H

C-OH k^1- C-0%

Isotopic analysis of tfte carbon dioxide samples obtained by decarboxylation of silver
phthalates would be expected to show the mole # of carbon dioxide of mass ^7 obtained
in process iii to differ from the value obtained in iv by a factor of two. Theoreti-
cal calculations for iii and iv yield the values .363 and .725, respectively. The
experimentally observed value is found to be „31, strongly implying the formation of
an anhydride intermediate.

In direct contrast with phthalamic acid, the hydrolytic rate of methyl hydrogen
pthalate is observed to increase with increasing ionization of the carboxyl group (25).
A similar observation has been made in the case"" of aspirin. In both cases the rate
determining step is postulated to be the attack of carboxylate ion upon carbonyl
carbon. The hydrolysis of aspirin in H2 18 again provides evidence for the formation
of an anhydride intermediate.

?i »
v r^yfc-if

0-C-CH3 s

6

+ CH3COOH

VI
> kJL o + CH3C00H

By comparison with the relative rates of hydrolysis of ethyl acetate and ethyl
salicylate (26) it is estimated that reaction v should proceed to the extent of 2.5$
and reaction vi to the extent of 97. 5$ • Actually 6fo of 18-salicylic acid was found.

This seems reasonable on the basis of the assumptions involved.
It is of interest to note that under a comparable steric and electronic situation,

the hydrolysis of phthalamic acid involves assistance by the adjacent carboxyl group,

whereas hydrolysis of methyl hydrogen phthalate involves the adjacent carboxylate ion.

Moreover, the hydrolysis of the amide is 103 time faster than that of the ester,

although in general, the acid hydrolysis of simple amides such as benzamide is much
slower than the alkaline hydrolysis of ethyl benzoate. This reversal in reactivity is

presumably due to the involvement of electrophilic-nucleophilic assistance in phthalamic

acid, whereas an methyl hydrogen pthalate only nucleophilic catalysis is operative. The differ-

ent types of catalyses operative in -these reactions are thought to be related to the differing

basicities of the amide and carbomeihoxy groups. The pK^ of phthalamic acid is -2.5 whereas

that of methyl hydrogen pthalate is thought tobe several orders of magnitude more positive.
Morawetz and Gaetjens (27) have studied the solvolyses of several substituted

anions of phenyl acid succinate and glutarate. As in the previous examples, the hydro-
lytic rate was found to be proportional to the degree of ionization of the carboxyl
group. The rate of appearance of phenol is first order with respect to dissociated
substrate and yields a kQbs as follows: k , = kxa + kOH( OH^ where a= degree of

ionization of the carboxyl group. Whereas it is expected that the enthalpies of acti-
vation, AHT, would undergo modification with varying para substitution, ABr is approx-

imately constant and AS"^ undergoes change (28). It is of interest to note (Table III)
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that a similar situation (i.e., constant AH* and variable AS*) is shown in the

ionization of substituted phenols (29,30). A plot of log k/k
Q

for substituted suc-

cinates or glutarates vs. log k/k for the substituted phenols gives a straight line

of slope equal to one.

Table III

Activation Parameters for the Ionization of Substituted Phenols and the Hydrolysis of

Substituted Phenyl Acid Succinates and Glutarates in Aqueous Solution.

Substituent Phenols
AH+ TAS*

Glutarates
kijsec."

1
AH+ TAS+

Succinates
leasee." AH+ TAS*

K.cal
,
/mole x 104 (25°) k.cal. /mole x 104 (25°) k.cal/m,

P-OCH3 o.oia 19.3 -5^ 6.2 19.O -2.8

P-CH3 5.52 -8.25 .048 19.5 -5-2

H 3.56 -8.00 .098

p-Cl 5.80 -7.00 .37 20.3 -3.2

P-COOCH3 4.8

p-N02 4.70 -5.00 53.0 19.1 -1.8

On the basis of the above results these authors have proposed a direct displacement
reaction to account for the high degree of phenoxide ion character suspected to be

present in the transition state.

5<

+ fi-6
,e

That such a phenomenon of a relatively constant AH^ and varying AS+ is more exten-
sive than previously considered is confirmed by a study of the intermolecular and intra-
molecular hydrolysis of substituted phenyl acetates by the dimethylamino group (31) • Kinetic
studies yield the following rate expression for the intramolecular catalytic hydrolysis
of the phenyl esters of Y-(N,N-dimethylamino) -butyrates (XIII) and S-(N,N-dimethyl-
amino) -valerates (XIV) .

d( phenol)
/dt = k CET + kxCE ;

cet ~ CE + CEH ®

where 0™ is the total concentration of ester, kQ is the rate constant for nucleo-
philic attack by OH , and ki is the rate constant for displacement at the ester bond
by the unprotonated dimethylamino group. The investigation of the bimolecular process
involving trimethylamine and substituted phenyl acetates (XV) yields the following rate
expression:

d( phenol)
/dt - k2 Cgrp 0^3^ + kQH C^ <"i

.0

From the above expressions the activation parameters for the systems XIII, XIV and XV,
as well as those for hydroxide ion catalysis were determined (Table IV) (32). It is

Table IV

Activation Parameters for Reactions XIII, XIV, XV and the Hydroxide
Ion Catalysis of Substituted Phenyl Acetates

Substituent XIII,k.cal/mole XIV, k.cal/mole XV, k.cal/mole

p-N02
m-N02
p-Cl
H
P-CH3

AH+ TAS*
12.3 -6,3
12.1 -8.0

12.5 -9.1

12.9 -9.4

AH+ TAS+
11.9 -1.9

11.5 -4.3

15.9 -2.2

12.5 -5.7
13.7 -5.1

k.cal/mole Hydroxide
k.cal/mole

AH+ TAS+ AH^ TAS*
11.5 -2.6 10.1 -5.3

11.8 -4.4 10.3 -5.5

13.8 -4.1 9.4 -7.0

12.3 -6.4 10.1 -6.8

14.4 -5-5
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observed that in all cases AH^is relatively invariant whereas ASnindergoes consider-

able change. Moreover, the change in AS+ appears to correlate well with that observed

for the substituted phenols . The constancy of the p values for the bimolecular and

intramolecular reactions of the dimethylamino group is suggestive of similar mech-

anisms in both processes. Moreover, it appears that AHT is dependent only upon the

nature of the nucleophile and is independent or whether the reaction is intramole-

cular of intermolecular.

A more thorough study of the hydroxide ion catalyzed hydrolysis of phenyl acetates

in different solvent systems, reveals that although p is constant in the solvents H2
(p = 1.1), 28.5$ EtOH-H2

V
7v. (p = 1.15) |nd 6<$ acetone-H2 (p = 1.15), ^ is

variable in the former solvents whereas AET is variable in the latter. In order to

account for these results Bruice and Benkovic (31) have proposed a mechanism whereby
the free energy of the transition states involving formation of the bond between the

nucleophile and carbonyl carbon as well as for the departure of the phenoxide ion
would be comparable to the energy of the tetrahedral intermediate. Hence, for such

a mechanism, it is suggested that the rate limiting step will be determined by the

solvent. These authors suggest the inability of phenyl benzoate to undergo 18 ex-
change (35) during hydrolysis supports this mechanism since the conversion of the

tetrahedral intermediate to reactants or products would be more rapid than H ex-

change with solvent. It appears doubtful, however, that much significance can be
given to this proposal or the former proposal by Morawetz et.al. since the effect of

solvent upon activation parameters (particularly mixed solvents) is not understood

(33,3^) • Moreover, the inability of phenyl benzoate (35) to under 18 exchange can
be rationalized on the basis of phenoxide ion being a better leaving group than
methoxide ion (3^,37) <• This leaves unresolved the enthalpy and entropy effects dis-
cussed above.

Finally, for those reactions characterized by a constant AH+, a plot of AH^ vs.

PK25 yields a straight line of negative slope. This implies the importance of an
expression of the following type:

AH+ = a pKa + C

Whether such a situation is fortuitous or not is under investigation.
Imidazole Catalysis -- The involvement of a histidine residue in the catalytic

activity of several hydrolytic enzymes strongly suggests the possibility of imidazole
and imidazolium ion assistance in solvolytic reactions (38-^0) . Bender and Bruice have
independently studied the bimolecular reaction of p-nitrophenyl acetate and imidazole.
The rate of appearance of phenolate ion is shown to be first order with respect to
imidazole and ester. When the reaction is carried out in the presence of a large con-
centration of free imidazole the formation of the intermediate N-acetylimidazole can
be observed spectrophot©metrically. Since the rate of disappearance of ester is equal
to the rate of formation of p-nitrophenolate ion, N-acetylimidazole is postulated to
exist in a low steady state concentration. The above evidence has suggested the fol-
lowing mechanism:

R'-C-OR + N<^NH ^
1=1 0^~

II ^
I

8
1

R'-b-N^ ^ „ _. o| II _ if^lHOH ^ R'-C-QH
ST L
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In order to test the possibility of intramolecular imidazole catalysis Bruice and

Schmir (4l) have studied the rates of hydrolysis of 4 -(
2' -acetoxyphenyl) -imidazole

(XVI) . The solvolysis of XVI was found to "be first order in substrate and the rate
associated with the loss of acetic acid was found to be 103 times faster than the un-

assisted case. A plot of k
QlDS

vs. PH yields a theoretical ionization curve for a

single group of pKa =5.5. The experimentally determined value was found to be 5.6.
This suggests the attack of amidine nitrogen upon carbonyl carbon; the following
mechanism has been postulated:

^e

CH/S) N—
N-H

XVI

CH3COOH

In analogy with the intermolecular process, these authors have postulated the forma-

tion of an intermediate N-acetylimidazole, which is thought to be spectrophotomet-
rically unobservable due to its immediate hydrolysis.

Finally, in direct analogy to what has been observed in carboxyl group-carboxylat;
ion catalysis, intramolecular catalytic hydrolysis of the amide of Y-(4-imidazoyl) -

butyric acid has been found to be dependent upon imidazolium ion. Again a mechanism
involving nucleophilic-electrophilic catalysis is postulated (42)

.
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RECENT YLID CHEMISTRY

Reported by Linda Braramer November 11, 1963

Introduction : Elimination reactions, the Stevens rearrangement, the Sommelet-
Hauser rearrangement, and the decomposition of sulfonium salts, reactions which have
been postulated to involve ylids, have been reviewed recently (1,2,3,*)-) • This dis-

cussion will be concerned with the use of sulfonium (la) and nitrogen (lb) ylids as

methylene transfer agents in the synthesis of 3-Eiembered rings and with recent at-

tempts to trap carbene intermediates derived from these systems.

I®/"*1 Ia(X = R2S)
Ib(X = R3N)

X-C,XR
Synthesis of Epoxides : Sulfonium ylids are reported to react with carbonyl com-

pounds to form epoxides (5,6,7,8). Dimethylsulfonium methylide ( II) has been proposed

c=o + s-cr > c—c + -s- (1)

by Corey and Chaykovsky (5) as a reactive and selective methylene transfer agent,

selectively affording epoxides even with a,(3-unsaturated carbonyl compounds which act

as Michael acceptors with dimethylsulfoxonium methylide (ill) (9). A reasonably

V®e 9
(CH3) S-CH2 + -CH = CH-C- > (CH3 ) S + -CH = CH-Cf-^CH2 (2)

2 2 \

II
ft ft /^ ft

(CH3 ) S = CH2 + -CH = CH-0- > (CH3 ) SO + -CH -CH-6- (3)
2 2

III „/ *

stable form of II was generated by adding an equimolar amount of trimethylasfflsfefflrnm

iodide dissolved in dimethylsulfoxide to a solution of methylsulfinylcarbanion in
dimethylsulfoxide . The reaction was run at to -10° under nitrogen with enough
tetrahydrofuran added to the solvent to prevent freezing. The carbonyl compound was
added and the temperature maintained at 0° for 10 minutes, then warmed in 30-60 min-
utes to room temperature (5). A claim by Franzen and Driesen (6) that II reacted
with benzalacetophenone to form l-phenyl-2-benzoylcyclopropane (IV) in 88^ yield has
been disputed by Corey and Chaykovsky (10) who repeated the reaction using Franzen 1 s

method and isolated 2,4-diphenylbutadiene-l-oxide (V) in 86-98/° yield. They could

XH2 /^CH2
CsHsCfe-^H-CCsHs C6H^CH = CH-C^

IV V X
CsH5

detect no cyclopropane derivative by IR and NMR methods which enabled them to quan-
titatively analyse cyclopropane-epoxide mixtures to +1$. In a later paper Franzen
and Dreisen report epoxide formation in the reaction of II with cinnamaldehyde and

CH3 state that sulfonium methylides selectively give epoxides with a,P-

n a s-^ph
unsaturated carbonyls (7). Franzen and Driesen also report epoxide

6 ^"0 2 formation in the reaction of phenylmethylsulfcnium methylide ( VI) with
™ carbonyls (6,7). The products and yields obtained in the reaction of

dimethylsulfonium methylide (II) with selected carbonyls are summarized
in Table I. A more extensive compilation may be found in references 5 and "J. A syn-
thetic limitation was found in the case of desoxybenzoin which failed to react with
II due to enolate formation ( 5)

.
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Table I

Reaction of dimethylsulfonium methylide ( II) with carbonyl compounds

.

Carbonyl compound Product Yield

benzophenone
benzaldehyde
cycloheptanone
benzalacetophenone

1,1-diphenylethylene oxide
phenylethylene oxide
methyleneeyeloheptane oxide

2 , 4-diphenylbutadiene-l-oxide
/

Qk1o

75

97
87

(5,6,7)

(5,6,7)
(5,6,7)
(5)

eucarvone cv 93 (5)

diethyl ketone
anisaldehyde
furfural
cinnamaldehyde

><
1,1-diethylethylene oxide
p-methoxystyrene oxide
furfurylethylene oxide
4-phenylbutadiene-l-oxide

^3
58
25
40

(6,7)

(7)

(7)

(7)

In a study by Johnson and LaCount (8) 9-dimethylsulfonium fluorenylide (VII) was
found to react to form epoxides only with strong polarized carbonyls, such as
benzaldehydes carrying electron-withdrawing groups (Table II). A competing reaction
is a Sommelet rearrangement leading to alcohol formation. The reaction failed with
benzaldehyde, cyclohexanone, o-chlorobenzaldehyde, and p-chlorobenzaldehyde (8).

+ RCHO ^>

©S(CH3 )

VII

(CH3 ) S® CHO
2 R

V

a

^> + (CH3 ) S
2

©,
CH2S©

CH3

CHOH
R

>

CH3SCH2
RCHOH

Table II

Reaction of 9-dimethylsulfonium fluorenylide fall} with RCHO in methylene chloride and
ethyl ether.

CH2CI2 (C2H5 ) p
R epoxide alcohol epoxide alcohol

CsH^Os (p) k0fo 25$ Ho 83$
CsH4W02 (m) 36 32 2 78
C6H4N02 (0) 30 35 3 34
C6H4CW (p) 33 29 2 6k
C6H3(C1) 2 (o,p) 30 33 3 26
CH3 ^5 —

A product-ratio study of solvent effects on this reaction in carbon tetrachlor-
ide, benzene, toluene, diethylamine, ethyl ether, chloroform, tetrahydrofuran,
methylene chloride, ethanol, acetonitrile, and dimethylsulfoxide indicates that
alcohol formation is favored in slightly basic solvents. In neutral solvents the
ratio alcohol : epoxide is approximately 2:1 (8).
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Epoxide formation has not been reported with nitrogen ylids, adducts being
formed instead (ll). For example, the reaction of trimethylammonium methylide (VIIl)

with benzophenone leads to p,3-diphenyl-P-hydroxyethylfemethylammonium bromide (IX).

e© HP-r 9H e
(CH3) N-CHiLiEr + (CSH5 ) C=0 > [(C6H5 ) CCH2N( CH3 ) ]Br

VIII IX

IX is stable to phenyl lithium, but will lose a methyl group on heating (12). Anal-

ogous adducts have been formed from reaction of VIII with benzaldehyde (58p) an&
© OH © OH

[(CH3) N-CH2-C( C6H5 ) ]I -> (CH3) NCH2C( C6H5 ) +CH3I
3 2 2 2

fluorenone (6($>) (13). Bis-(p,£-diphenyl-P-hydroxyethyl) dimethylammonium bromide
(X) can be formed from tetramethylammonium bromide, 2 equivalents alkyl lithium and
2 equivalents benzophenone (12).

©©
(CH3) NBr + 2KLi (CH3 ) Bt

2 \

©?CH2 $2C=0
.LiBr -=

—

>

CH2Li
(CH3 ) lC

OH
© CH2C( C6H5 )

W i\ PH
2 XCH26(C6H5 )

X

©
Br

Synthesis of Aziranes ; Dimethylsulfonium methylide (II) and phenylmethylsul-
fonium methylide (VT) react with benzalaniline to give 1,2-diphenylazirane (Xl) (

(5,6,7,9) • Similarly benzal-p-anisidine gave l-(p-methoxyphenyl) -2-phenylazirane
© © XBa
"S-CH2 + CsH5CH=WC6H5 > CSH5CH-TC6H5 + -S- (4)

XI

(76/0) (7)« According to Franzen and Driesen (7) this reaction is not synthetically
as useful as the reaction with carbonyls because the Schiff bases are often unstable
or sterically hindered. They report that benzaldehydephenylhydrazone yields benzal-
dehyde-N-methylphenylhydrazone, but no yield or experimental data are given (7)« Di-
methylsulfoxonium methylide (III) is reported by Corey and Chakovsky (5) to react

pjj slowly with benzalaniline to give XI and acetophenone anil (XII) in a

n tj _n=T\Tn it
2:1 ratio.

Synthesis of Mitrones : By analogy with their reaction with car-
XII bonyls and ^C=N-, sulfonium methylides would be expected to form oxa-

ziranes (XIV) on reaction with nitrosobenzene (XIII) . However, Johnson
and LaCount report nitrones (XV) are formed (8,l4). Thus Q-dimethylsulfonium
fluorenylide (VIl) (8) , 9-dimethylsulfcmium 2 -nitrofluorenylide (l4)and dimethylsulfonium

R

>-cf
R.

Ri©0

2
s

+ C6H5NO

XIII

-> Rx-S-R;
<A
^C-N-CSH5

R4
XIV

+ XIII ^ R2,-S-R2 +
R. R4 ©

XV

C3H5 (5)

diphenylmethylide (Ik) gave nitrones. Similarly 9- (l-pyridinium) -fluorenylide (XVI

)

reacts with XIII (ik) or p-nitroso-W,N-dimethylaniline (XVIl) (15) to yield nitrones.

^C3 + 0W^\N(CH3)

XVI XVII

(CH3 )

2
+

/J)
(6)
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Synthesis of Cyclopropanes : Dimethylsulfoxonium methylide (ill) is a less re-
active and less selective methylene transfer agent than dimethylsulfonium methylide
(II). Thus, 5 equivalents of II react with 1,1-diphenylethylene to give 1,1-diphenyl-
cyclopropane in 60$ yield (5); whereas III will not react with l,l-diphenylethaee{5)

•

II + ( C6H5 ) C = CH2 > (

C

6H5 ) C—^CH2 + ( CH3 ) S
2 22

Corey and Chaykovsky found that III reacts with certain carbonyls to give ep-
oxides, but reacts with a,P-unsaturated carbonyls to give cyclopropanes (reaction 3)

(5*9); benzalacetophenone (95$ to IV)(9); carvone (8l$ to XvTIl)

(5); and eucarvone (88$ to XIX) (5).
Franzen and Driesen (6) report cyclopropane formation in
yield from the action of II on ethyl cinnamate,. However, in

repeating the reaction Corey and Chaykovsky (10) obtained only
10-12$ ethyl 2-phenylcyclopropanecarboxylate, 23-25$ unreacted
ethyl cinnamate, and 55$ cinnamic acid, presumably arising from

a reaction between the ylid and the carbethoxyl group, since ethyl cinnamate does
not undergo appreciable hydrolysis under the conditions used,, Ethyl cinnamate re-

acted with Iirin tetrahydrofuran to give the cyclopropyl ester (32$)
and a cyclic ylid, XX (10).

Other Methylene Transfer : Pranzen and Wittig (l6) report methyl-
ene transfer from trimethylammonium methylide ( VTIl) to triphenylphos-
phine. Triphenylphosphonium methylide was detected by its reaction

@0 4>2C=0
(CH3 ) NClh^ (CqH5 ) P-—>(C6H5 ) P=CH2 -»(CSH5 ) C=CHaH-( CSH5 ) PO33 3 2 3

with benzophenone to give 1,1-diphenylethylene.
Intermediates in Mucleophilic Additions of Ylids : Methylene transfer in the re-

action of sulfonium ylids with carbonyls (7^8j~is postulated to take place via an
intermediate betaine similar to that proposed for the Wittig reaction (XXl)(l7)<»

• G
?

(C6H5 ) P-CR1R2-CR3R4
3

XXI

Thus, the sulfonium group in XXEE is displaced by the oxyanion to form an epoxide.

^S-^CRs-C- :
-» £ + CR2-C^

XXII

Although unable to isolate or detect an oxazirane intermediate, Johnson (ih) postu-
lates that nitrone formation in the reaction of sulfonium ylids with nitrosobenzene
(XIII) proceeds via an intermediate (XXIII) in which the sulfonium group is displaced
by the oxyanion to form a short-lived oxazirane (XXIV) which quickly isomerizes to
the more stable nitrone (XXV). In the reaction of nitrogen ylids with nitrosobenzene

-CRs-NCsHs > S + CR2-x^C6H5 > CR2 = NC3H5
^ e

XXIII xxiv xxv

to form nitrones (reaction 6) Krohnke (15) has suggested that in XXVI the lone elec-
tron pair on nitrogen, rather than on the oxyanion, displaces the amine group,

©< o eo
CsHs^CR^NCeHs > C5H5W + CR2 = NC6H5

XXVI
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Jolinson (Ik) rejects this explanation as unlikely in the sulfur case, due to the

relative nucleophilicities of the two groups and to the fact that no nitrone has

e e

(CSH5 ) P-CR2-NC6H5
3
XXVII

been detected as a product of the reaction between phosphonium
ylids and nitrobenzene, as would be expected, since a similar
betaine (XXvTlJ is involved. It is possible that the ylid de-
composes to a carbene before reacting with nitrosobenzene, but
Johnson was unable to trap fluorene carbene by heating 9-

dimethylsulfonium fluorenylide (VII) with acenaphthylene, which indicates that under
the conditions for nitrone formation VII reacts as an ylid, not as a carbene,

Ylids as [Precursors of Carbenes : Johnson and LaCount (8) report that 9-dimethyl-

sulfonium fluorenylide '( VTl) will decompose when chromatographed on neutral or slight-

ly basic alumina, the products being difluorenylidene (4j$) and fluorenone (37/°)«

They postulate a carbene mechanism for this decomposition. Similarly, 2,2' -dinitro-

"> (CH3 ) S +
2

">

©S(CH3 )

VII

fluorenylidene is obtained when 9-dimethylsulfonium 2-nitrofluorenylide is heated in
nitromethane (18) . Fluorene carbene was trapped by Franzen in the analogous decom-
position of 9-trimethylammonium fluorenylide (XXVIIl), using dimethylbenzylamine as
the solvent (19) The decomposition was carried out by heating at 100° for 3 hours
with oxygen excluded from the system. The same product, XXIX, was obtained from the

©N(CH3 )

CSH5 CH2N(CH3)

6h5chJ(ch3 )

>

C6I%CH2 N( CH3 )

*a/*-»

XXIXXXVIIl

thermal decomposition of diazofluorene in dimethylbenzfee (20). Attempts to synthe-
size XXVIIl by photolysis of diazofluorene in the presence of trimethylamine were not
successful (19)

.

Johnson and Hruby (21) have trapped phenylcarbene by adding n-butyl lithium to a

tetrahydrofuran solution of benzyldiphenylsulfonium tetrafluoroborate (XXX) and
acenaphthylene (XXXI). The adduct (XXXIl), 7-phenyl-7H-6b,7a-dihydrocycloprop[a]-

C6H5CH2S(C6H5 )
^*%
2

XXX

0©
C6H5CHS(CSH5 )

-> [CSH5CH]

XXXII
acenaphthalene (kjfc based on unreacted XXXI, 31% based on XXX), was identified by its
inertness to cold permanganate or bromine, its IR spectrum (no olefin absorption,
^ 13"70u and l4.80u-, characteristic of monosubstituted aryl) , its UV spectrum (X
232mu (log£4.3), 296 (3.6), 310 (3-5) and 323 (3-1)), and by oxidation with chromic

3*

acid to benzoic acid and naphthalene-l,8-dicarboxylic acid anhydride (21).
Franzen, Schmidt, and Mertz (22) isolated 2-ethoxy-l-phenylpropane (XXXIIl) from

the reaction of triphenylsulfonium bromide with benzyl lithium in ethyl ether.
XXXIIl presumably arises by carbene insertion at the Ct-C-H bond.





® © © 9
n

(CSH5 ) S + C6H5CH2— > C6H5CH2S(CSH5 ) + C6H5
W

3 I 2

C6H5CHS(

C

SH5 )
— (C6H5 ) S + C6H5CH

,

2 2 Ft2
i JH3

C5H5CH2CHOC2H5

XXXIII

Franzen and Wittig (l6) report the isolation of norcaran (XXXIV) in 5-l8$ yield

from the reaction of phenyl lithium : phenyl sodium (mole ratio Li:Na=l:10) with
tetramethylammonium "bromide in a large excess of cyclohexene. XXXIV was identified

(CH3 ) NBr + Q C6H5Li;C6H5^ [j>CH2

XXXIV

hy analysis, refractive index, gas chromatography, and IR spectra, although no data
were given. Polymethylene was detected in only trace amounts. The yield of XXXIV
depended on the degree of dispersion of tetramethylammonium bromide in cyclohexene.

Evidence for another carbene intermediate has been reported by Franzen, Schmidt,
and Mertz (22) who obtained 1-butene (7/°) }

2-butene (trace), diphenyl sulfide, tri-
phenylmethane (h^fo)

}
and 1,1,1-triphenylpentane (15$) from the reaction of diphenyl-

butylsulfonium tetrafluoroborate with trityl sodium. They assume the products result
from two concurrent reactions. Triphenylmethane was isolated in 1$ yield from the

© o^f^s) s + ( c6Hs)
3
CH + C4H8

( C6H5) SC4H9 + ( CqHs) CH
2 3 ^(C6H5 ) S + (C6H5 ) COiHs

2 3

reaction of 1,1-dideuterobutyldiphenylsulfonium tetrafluoroborate, approximately half
of it was triphenyldeuteromethane, as determined by IR analysis (22) . They conclude
that since elimination is strongly hindered in the deuterated compound, and an a-
elimination would be expected to be subject to a strong isotope effect while a (3-

elimination would not, the undeuterated compound must undergo essentially an a-elimi-
nation. This suggests a carbene intermediate. Higher alkyl carbenes are difficult

® CH3CH2CH=CH2
( CSH5 ) S-CHai2CH2CH3 > ( CsHs) S + : CHCH2CH2CH3 > +

2 2 CH3CH=CHCH3

to trap with olefins, since isomerizations to olefins and ring closure to cyclopropane
derivatives become important, therefore no effort was made to detect the carbene by
reaction with olefins. Isobutyldiphenylsulfonium fluoroborate under the reaction
conditions gave isobutylene and methylcyclopropane in a 3:1 ratio (22). The same

(C6H5 ) 3CHCH(CH3 )
—> (CgHs) S + :CHCH(CH3 )

—->(CH3 ) C=CH2+CH3_^1222 22 \)
product ratio is obtained In the thermal decomposition of isobutyraldehyde-p-toluene-
sulfonylhydrazone (23) . Generation of the same carbene by the action of sodium on
isobutylchloride has been reported to lead to methylcyclopropane (2k).

Bumgardner (25) reports a similar reaction of ammonium halides with base, in this
case sodium amide in liquid ammonia, in which trimethyl-3-phenylpropylammonium iodide
gave phenylcyclopropane (8($), trimethyl-3,3-d-iphenylpropylammonium iodide gave 1,1-
diphenylcyclopropane (T&Y ) , and dimethylbenzyl-3,3-diphenylpropylammonium bromide
gave 13$ of .a 2:1 mixture of 1,1-diphenylpropene and 1,1-diphenylcyclopropane. These
products could result from 7-elimination (25) or by carbene isomerization,

Johnson and Hruby (21) note that none of Franzen' s products (22) require carbene
intermediates and can be accounted for by displacement and/or elimination reactions.





The formation of polymethylene, a decomposition product of trimethylammonium
methylide (VIIl)(l3), dimethylsulfoniuni methylide (ll)(26), phenylmethylsulfonium

methylide (Vl)(27), and diphenylsulfonium methylide (22), has been suggested as

® ©
n( CH3) M-CH2 ~> n( CIi3 ) N + n : CH2 > ( CH2 ) n

3 3

possibly occurring via a carbene mechanism. An alternate possibility has been pro-

posed by Franzen, et. al. (27), but it is difficult to see how this leads to product:

CH3 <=)

C6H5S® ..„.|CH2 f3
etc © e

U J ' ^ CSH5S + U|CH2CH2 -^* |CH2(CH2)n-SC6H5
H2cF|....

WS-C6H5 ©$-CsH5 CH3
CH3 CH3

A nucleophilic attack in which an ylid molecule displaces the nitrogen or sulfur

group is more reasonable. Ri © ©

%< Ri Ri e ^SCE2
Ri Rxe

R2-S—-^CHs > ">S + ^SCH2CH3 -^ > ^>S + p=6CH2CH2CH3
I - - Rp Rp Ro R2

! CHp.

9/Ri

^R2

Ethylene formation occurs in the decomposition of methylsulfonium salts which
cannot undergo a normal Hofmann elimination, and may arise from methylene formation
followed by dimerization, but this seems unlikely in view of the fact that no product
evidence, such as insertion in C-H bonds or addition to non-polar double bonds, for
carbene formation has been found and that the amount of ethylene formed depends on
the method of mixing the reactants, adding base to the sulfonium salt giving the best
yields (7). A mechanism compatible with the latter involves a bimoleeular displace-

Ri$ Ri©0 Ri Ri© 60R Ri
J>B-CH<, + >S-CHp > ^S + >SCHoCH^ ^^> ^-CH3 + ^>S-CH2 -— > ^S + ^>SCH2CH3 ^^> ^S + CH2=CH2 + HOR3

R2 R2 R2 R2 R2

ment followed by elimination (7)« As would be expected from this mechanism, when
benzylchloride is added to the reaction, styrene is isolated (7)» When the ylid is

9 base
C6H5CH2C1 + ( CH3 ) S-CH2 ^^> CSH5CH=CH2 + ( CH3 ) S

2 2

intercepted in another reaction (e.g. reaction with carbonyl) no ethylene is formed,
indicating that ethylene arises from the ylid (7)°

Conclusion : Sulfonium methylides provide excellent reagents with respect to
reactivity, ease of preparation, and selectivity for methylene transfer. The reac-
tion of these compounds with polar double bonds susceptible to nucleophilic attack
gives cyclopropanes, terminal epoxides, and aziranes. Of particular value is the
selectivity of the reagent in its reaction with a,P-unsaturated carbonyls. The re-
action's most obvious limitation is the necessarily strongly basic reaction conditions
which lead to side reactions, _e.g. epoxide yields are in general considerably lower
with aldehydes than with ketones. Other notable limitations are enolization, e.g.
desoxybenzoin, and rearrangements of product, e.g. reaction with nitrosobenzene leads
to nitrones, not the cyclic oxaziranes.

Carbene intermediates arising from the decomposition of sulfonium and nitrogen
ylids have been trapped when the carbene was particularly stable, as in the case of
fluorenecarbene (19) and phenylcarbene (2.1). Methylene (16) and other alkylcarbenes
(21) are claimed to have been trapped, however detailed experimental evidence in sup-
port of these claims has not been published. The formation of norcaran from tri-
methylammonium methylide (22) has been questioned and the reaction is being reinves-
tigated (28). Present evidence indicates that polymethylene and ethylene are formed
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by displacement reactions, followed, in the case of ethylene, by elimination.
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CONFORMATIONAL TRANSMISSION EFFECTS IN STEROIDS AND RELATED COMPOUNDS

Reported by J, C. Gaal November l4, 1963

Introduction - In the early 1950's D.H.R. Barton added another contribution to

the growing knowledge of conformational analysis as derived from steroid chemistry.

Reporting on a series of reactions involving 3-oxo-steroids, Barton concluded that the

variations in rate he observed could not be explained by the classical steric, elec-

tronic, inductive and hyperconjugative effects then used to rationalize steroid re-

actions (l) . Since the variations reported were due mainly to changes in the C and D
rings of the steroids, the effects were proposed by Barton to be caused by conforma-
tional distortions produced by unsaturated linkages and to be transmitted through the

molecule by a slight flexing of the valency angles and an alteration of atomic coor-

dinates, so that the distortion influenced the reactivity of various positions in ring
A„ Barton coined the title "conformational transmission" for these long-range effects.

Theoretical Discussion - Corey and Sneen used vector analysis to calculate the
influence of a double bond in one ring on the geometry of the other ring in the trans -

octalin series (2) . Their calculations show that for a double bond in the 1-2 posi-
tion in ring A (Fig. 1) the resulting effect in ring B is an increase in the eclipsing
of the hydrogens on carbons 8 and 9 an^ "the approach of carbons 8 and 10 with a cor-
responding increase in the 1,3-diaxial hydrogen interactions as compared to the satu-
rated analog.

p.

Figure 1. ^

For a double bond in the 2-3 position the eclipsing increases to the same extent
as for the 1-2 double bond, but carbons 8 and 10 are farther apart than in the A1 -

•trans •octalins are favored because of this relieved
of about 2°

octalin so the result is that A £

diaxial interaction. Their results show a distortion of valency angle;
and a distortion of the dihedral angle of junction, that is, the angle in ring A be-
tween the carbon 1 to carbon 9 bond and the carbon 4 to carbon 10 bond when carbon 10
is superimposed on carbon 9 an^ in ring B between the carbon 8 to carbon 9 bond and
the carbon 5 to carbon 10 bond after the same superimposition, of about 10 (2)

„

Bucourt (3) has modified Corey's approach somewhat by considering deformations of
the dihedral angle of junction of an octalin system from its normal value of 60° and by-

considering cis - as well as trans -fused rings. When a deformation is imposed on this
angle in ring A (Fig, 2) a similar deformation results in the dihedral angle in ring
B if the rings are fused cis , and an equal but opposite distortion occurs in ring B if
the rings are fused trans (3)

.

When a double bond is placed
H II

:iB- Tb
A

II

B

trans

-

Figure 2.

1-2 in a
cyclohexene ring, the dihedral angle 3,4,5,6
(Fig. 3a) of the semi -chair form is widened
while dihedrals 2,3,4,5 and 4,5,6,1 become
more acute. In the case of the introduction
of a double bond into the 2-3 position of an
octalin system, the resulting effects in the
adjacent cis - (Fig, 3b) and trans -fused

a) for cis - , the dihedral angle of junction is opened (widened)
with resulting decreases in 1,3 and 2,4 diaxial distances in ring 3 and

considerably smaller decreases in 3,5 and 2,6 distances; b) for trans -, the dihedral
angle of junction becomes more acute with a flattening effect on the ring and a com-
parable increase occurs in the 1,3 diaxial distances (4)

.

(Fig. 3 C ) rings are:
by ca. 15
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Figure 3

•

Another way of looking at the cyclohexene conformational problem has been sug-

gested by Eliel. The semi-chair form of cyclohexene requires the carbons in and

adjacent to the double bond to be coplanar. This causes the substituents on the

carbons adjacent to the double bond to be moved out of their usual axial and equa-
torial positions into "quasi-axial" and "quasi -equatorial" positions with an accom-
panying increase in eclipsing between these substituents and those on the carbons
removed from the double bond by the carbon with the quasi -substituents (5). Bucourt's
calculations were based on the assumption that the deformation of the chair form of
cyclohexane caused by putting in the 1-2 double bond did not change the axis of
symmetry passing through the centers of bonds 1-2 and 4-5. His results show that the
energy of the ring is increased by three different effects, the energy of tension from
changes in the angles of valence, the energy of torsion from changes in the dihedral
angles and the interaction energies of substituents on the ring which are changed by
the presence of the double bond (k) . The changes in interactions of axial substi-
tuents other than those on the two carbons at the center of the dihedral angle being
considered are generally very small and hence the energies involved are often negli-
gible. For the substituents on the two carbons at the center of the dihedral angle,
however, the diaxial interactions are not compensated by an accompanying increase in
distance so that they are usually large enough to be of importance if one of the axial
substituents is as large as a methyl group. In the absence of an angular methyl group
the deformation energy of the ring from tension and torsion is 1 kcal/mole for a 10
deformation of the dihedral angle (k) . This value can be compared with a value of

1.9 kcal/mole obtained by Hendricks on from computer calculations (6) . This means that
A2-trans -octalin should be more stable than A1 -trans -octalin if there is a large axial
substituent, especially on carbons 9 or 10, in agreement with Corey's results.

The direction of enolization of 3-oxo-steroids A/B trans fits these conclusions
since in the presence of an angular methyl group (I,R=CH3) the A2-enol is formed
exclusively and in the absence of this methyl (I,R=H) a mixture of A2 - and A3-enols
is the result (7)

.

(I) isopropenyl

acetate
Ac.O ^"-K^U

(and)

It
Ac

flT
Should one of the rings in a multicyclic system already contain a double bond,

then placement of a double bond in the adjacent ring will be energetically favored in
a "compatible" position so that the distortions on the dihedral angle of junction are
the same from each of the two double bonds. This leads to structures II, III, IV and
V as the energetically favored ones for doubly unsaturated octalins according to
Bucourt's calculations. In agreement with these calculations are the results of

(ID

H

(III)

H

(IV)

H

(V)

H
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Sondheimer and associates who report that compounds with partial structure VI undergo

4-alkylation with methyl iodide in basic solution, while compounds with partial struc-

ture VII yield the 2-alkylated product (8).

(VII)

Bucourt also considered the effect of a double bond in a cyclohexene ring that was
fused to a cyclopentane ring and reports that the dihedral angle of junction preferred
by cyclopentane is less than 60 so that a more acute dihedral angle is energetically
favored for the five carbon ring and the double bond is favored accordingly in the 1-2
or 3-4 position of the cyclohexane ring (3), An application of this calculation has
been reported by Biellmann (9)

.

Applications - The theory is in accord with Barton's proposal that distortions can

be transmitted through a molecule and remaining to be demonstrated is the effect of

these distortions on the reactivity of various positions in ring A. Barton's work on

the establishment of the existence of this effect deals mainly with condensation re-
actions of the enolate ion of 3-axQ-steroids or triterpenes with benzaldehyde to give
the benzylidene derivative of the steroid or triterpene. The proposed mechanism for

this reaction involves the elimination of hydroxide ion in the rate determining step

(ix) rather than the formation of the carbon-carbon bond (iii) (10, 11, 12) „ The
formation of final product is controlled by the partition of the aldol intermediate

(i)

(iii)

(v)

(vii)

(ix)

-CHp-C
1

- + OH

CH-C-C6H5CH0 +
0©

C6H5-CH-CH-C- + H2

CeHsCHCOFO-CH-C- + OH

A o

C6H5CH(0H)

ki
„ *"<"

k2
l-k3

IZ.A.

ks

1:7
>

<
k9 -»

+ H2

CRHR -CH-CH-£-

C6%
OH 0,

-CH-CH-C- + OH

© 9
C6H5CH( OH) -0-6

'

+ H2

C«H^CH=C-S- + OH

(ii)

(iv)

(vi)

(viii)

between the regression step (iv) and the elimination step (ix) (13) > an^ Barton demon-
strated this using the adduct of cholestanone and benzaldehyde. After forming the
aldol intermediate in an alcoholic KOH solution, the aldol was subjected to conditions
identical to those of Barton's kinetic reactions: 0.1N KOH in 99^b ethanol with a ten-
fold excess of benzaldehyde,, The results of this reaction supported the partitioning
theory, with 10$ of the aldol going on to final product and 90$ reversing to choles-
tanone and benzaldehyde. The final benzylidene derivative would not add hydroxide
under these conditions, supporting the non-reversability of the final elimination (ix)

(13) o

The condensations were run under very carefully controlled conditions and kinetic
data containing a relative error of 5$ were obtained. Using the rate of lanost-8-en-
3-one (VIII) as a standard, Barton systematically ruled out the explanations other than
conformational transmission as major causes for the variance in rate he observed for
a wide selection of triterpenes and steroids. The results are systematized in Table
1, Classical steric hindrance may be ruled out because the A ring and, for the most
part, the B ring don't change.

Table 1.

Compound (structure no.)

Lanost-8-enone (VIII)

Masticadienonic acid (IX)

Methyl masticadienonate (X)

Rel. Rate Conclusion Reference

100$ The electrostatic effect is 13,14,15
8$ negligible since both anion and 15
8$ ester have same rate. (No hydrolysis) 15





Compound (structure no.)

a-amyrene-3,ll-dione (XI)

11-methylene-a-amyrone (XII)

Lanost-8-enone (VIII)

Lanostanone (XIII)

Lanost-7-enone (XIV)
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Table 1 (cont'd.)

Rel. Rate Conclusion Reference

75$
66i

Bond induction was ruled out as 15
major cause since changing polarity 13
in C ring has little effect.

Ergost-8,22-dien-3-one (XV)

Ergostanone (XVI)

Ergost-7-enone (XVII)

lOOfo

55$

17$

280$

188$

"Axial buttressing", i.e. ,

varied participation by axial
groups on the same side of the
molecule, has been rejected since
the relationship of these two
families is quantitative, showing
a consistent increase for the
steroids without h -axial methyl
groups

.

13,1^15

15

15

13

13

13

VIII

IX, R = H

X, R =CH3

XI, x=o

XII, X=CH2

^9^17
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Thus Barton has not only shown the existence of conformational transmission
effects ^ but he also has given evidence which suggests that the other effects are of
minor importance in considering the elimination of H2 from the aldol formed between
benzaldehyde and 3 -ox° -steroids or triterpenes. By studying the rates of a wide
variety of compounds , Barton and co-workers were able to establish various group rate
factors,, that is, the influence on the reaction rate of functional groups variously
placed in the rings. For example, the rate factor for a ketone in the 11 position is

O.65 j for a 7-ketone, 3«3>8» Starting with ergostanone as the parent compound (rate =

188), one can calculate rates for ergostan-3,H-dione and ergostan-3,7j»ll-trione of
122 and 399 respectively which compare favorably with the actual rates of 119 and

36O0 It should be noted that the factors vary slightly in value when being applied
to steroids and triterpenes and that they also apply to decalones (1.6) .

Examples of Use - Wheeler and co-workers have used conformational transmission
to explain results obtained from the dissociation of cyanohydrins of steroid and tri-
terpene ketones (17,18) . Using HCN in 80/j aqueous dioxane and titrating aliquots
with Hg(N03 ) 2 , Wheeler reports that his results support the existence of this effect
by reasoning similar to Barton's and that other explanations did not adequately
explain the reactions. The formation of a cyanohydrin from a ketone involves a change
in hybridization at the ketone carbon which Wheeler suggests will relieve the 4-10
dimethyl axial interactions present in the ketone. He further suggests that a double
bond elsewhere within the rings would increase the ketonic distortions in ring A,
especially the 1-J methyl interferences. This is somewhat inaccurate in light of
Bucourt ' s calculations

„

R» B. Turner and his associates, reporting on the ionic monobromination of
cholestan-3-one (XVIIl) and caprostan-J-one (XIX) at carbons 2 and h respectively
as predicted by Bucourt, offer a less complicated explanation for the cyclohexene
conformational problem (19) =

XVIII

Using the semi-chair conformation for the cyclohexene ring, they suggest that
since the quasi-axial and quasi -equatorial groups are all hydrogens in cholest-2-ene
the conformation of ring B is essentially unaffected by the double bond in ring A,
whereas in cholest-3-ene the 5-6 bond in ring B must be quasi -equatorial if the
double bond is to be planar and thus ring B is forced into a deformed chair with a
corresponding increase in strain. This does not agree with calculations made by
Corey and by Bucourt.

Djerassi and associates, reporting on the enol acetylation of 3-oxo-steroids
using isopropenyl acetate or acetic anhydride, suggest another explanation for the
direction of enol formation (7)j first, steric interactions of the angular methyl
group with the hydrogens axial to it (especially at carbon 6) are apparently more
serious in a A3-enol than in the A2-case, explaining the exclusive formation of the
latter in 5-oxo-steroids while JOyo of the A3-enol is produced in the absence of the
angular methyl group. This is in keeping with Bucourt's calculations. Second, they
suggest that hyperconjugation connected with the presence of a methyl group would
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explain why the 2a-methyl-3-oxo-steroids (with or without the 19 -methyl group) give

only A2-enol acetate while without the 2 and 19 methyl groups both A2- and A3 - pro-
ducts are observed. An alternative explanation could be offered which involves the

inductive effect favoring the formation of a more substituted double bond and the
steric influence of the B ring. If models are examined, an increase in diaxial inter-
actions in the B ring plus only slight relief of the 1-3 diaxial interactions of the
20!-methyl group are apparent when the A3-enol acetate is formed (the 2a-CH3 becomes
quasi -axial and has additional 1-2 eclipsing) , while a decrease in B ring interactions
and a decrease in 1-3 diaxial interactions involving the 2Q-CH3 occur when the A2-enol
acetate is formed.

To explain the apparent anomaly of 4-alkylation but 2-condensation with benzalde-
hyde when the reactant is ergost-7,22-dien-3-one (XX) , Barton suggests that initial

attack is at the k position but the reversal (iv,
C9H17 above) is more favorable than the termination step

(ix) and thus the less favored attack at the 2

position yields product due to a more favored ter-
mination step as compared to reversal of the initial
attack ( 13)

.

Summary - That conformational transmission is a

real phenomenon has been shown. The fact that it
was not recognized earlier is probably because the
chemistry of steroids and triterpenes in general was

not adequately systematized, tabulated, or studied quantitatively. It should be noted
that the remarks concerning conformational transmission effects apply only to the chair
form of cyclohexane when calculations are employed and that calculations have not been
done for a case where the reactants were initially in the boat or skew-boat form.

Skew-boat forms in steroids and triterpenes were reviewed recently (20).
While Barton considers conformational transmission to be of a quantitative nature,

Turner and others suggest that considerable care should be used when shifting from one
series of compounds to another even if they are closely related (19) . Barton further
considers this effect to be of greatest importance in determining reactivity and posi-
tion of attack for reactions involving an enol type structure in the rate determining
step, while Djerassi suggests that other effects can predominate on occasion.

Additional computer calculations of the type Hendrickson (6) has reported may be
of considerable value in the expanding of the field of conformational transmission
effects and they may be the only approach to a theoretical discussion of the quanti-
tative effect of a double bond in the C or D ring.
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NUCLEAR MAGNETIC RESONANCE IN THE STUDY OF PROTON EXCHANGE REACTIONS

Reported by J Sabacky November 21, I963

It is well known that the appearance of the nuclear magnetic resonance (n.m.r.)

signal for a given proton in a particular chemical environment undergoes a predictable
change as the lifetime of the proton in that environment changes „ This phenomenon of

line broadening and narrowing forms the basis for the determination of rates of proton
exchange reactions by providing an experimental measure of the mean lifetime between
exchanges (t.) for a proton on site j.

Theory ; A. Exchange Between Different Chemical Sites -- This case can be

solved by modifying the Bloch equations (1) to take into account the possibility of

exchange between the different sites „ The modified Bloch equations take the follow-

ing form, the number of these equations being equal to the number of different

dG.

J

chemical sites. The subscript j denotes the particular site under consideration and

k denotes all other chemical sites which undergo proton exchange with the j site.

The term Gj is a complex magnetic moment <** = u- + iv* where u^ and Vj are the com-
ponents of the resultant magnetic moment ]YL along and perpendicular to the direction
of Hi, the applied rf field, and i = v^l. The term T2 j

is the spin-spin relaxation
time for the protons on the jth site, CD. is the resonance frequency of the protons
on j in radians per sec, CD is the frequency of the rf field,

*f.
is the gyromagnetic

ratio, M is the equilibrium value of the z component (the direction of the applied
field) or the resultant magnetic moment M- , p.* is the fractional population of the
jth site, Tjj-. G^. represents an increase in magnetization at j due to the transfer

J -1
of magnetization from a k site to j and - t. Ga represents a decrease in magneti-

Jk J

zation due to transfer of magnetization from j to a k site where the term t., is

the lifetime of a proton on j before "jumping" to k„ From the steady state solution
dG

i
corresponding to slow passage (tt*1 =0), the total complex moment G = I G. = u + iv

j ^

can be found, where the component v is proportional to absorption intensity and is
directly related to the shape function which describes the theoretical resonance
line shape (2). For the specific case of slow exchange between two sites j and k

( T ik~
T

i

= life "time of a Photon on j and t^ = t^ = lifetime of a proton on k) , where

Tj and t, y ——— >the shape function predicts two non-overlapping, broadened lines
J k

centered at C0j and co, „ In this case t . (or t, ) can be found from equation II where

T2i and T2 . are line width parameters . The quantity T'^"
1 describes the observed

linewidth and Ta* describes the linewidth in the absence of exchange. The quantity

r =
t^~ ~ f^ = **' - «* (II)

J 2
j

2
j

T2 . is the spin-spin relaxation time for the protons on j and is related to the
linewidth at half height (A) by l/T = jtA for A in cps. For fast exchange between

2
3

two sites j and k where t- and T^ <( 1 / CD,- CD^, the shape function describes a res-

onance line centered on an average frequency co = p.CDj + p^co The case for an

intermediate rate of exchange (t. and Tk '"^l/co - - cok ) is more difficult. The shape

function under the condition of an intermediate exchange rate between two sites j and
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k is given by Pople, Schneider, and Bernstein (2). For the special case of equal

populations and lifetimes, (t.= t,) , the shape function is given in equation III.

T (V - V )
2

g(v) = K —, J (III)

[| (V.+ V ) - V] 2 + kn 2 T2 (Vj- v) 2 (V
k
- V)2

The constant K is a normalizing factor, V,- Vk is the chemical shift difference in cps

and t = T./2 = T]^/2o The actual shape of the curve is proportional to fj( vj- Vk) = r.

For a known V * - Vk and an arbitrary r, t- is defined and the shape of the expected

resonance line can be obtained from III. Thus a comparison of observed line shapes

with the theoretical curves can lead to the value of Tj . A much more detailed treat-

ment of chemical exchange between different chemical sites is given elsewhere (2,3).

Bo Collapse of a Spin-spin Multiplet -- A solution for this case can be obtained

by modifying the Bloch equations to take into account the spin-spin interaction. The

modified Bloch equations are very similar to I) the number of these equations is

^ + [| - i (Acd + mS03 ) ] Gj = - iTHxMoPj + Z (t~J Gk
- T~£ Oj) (IV)

equal to the number of lines in the multiplet. The term 5^» is equal to one half of

the component spacing in radians/sec, AU) = 0) -<x> where C0Q is the frequency at the

origin of the multiplet and CD is the frequency of the rf field. The coefficients m
are characteristic of the type of multiplet under consideration. The term Pj now
represents the probability of the jth spin state and rjk is the probability of a

proton transfer from a j spin state to a k spin state. For symmetric multiplets, all
spin states are equally probable and all transition probabilities are equal. The

method of solution is the same as described in section A above. Thus theoretical
shapes of the multiplets can be calculated for different values of t (the mean life-
time between exchanges for the proton of the multiplet or for the proton causing the

splitting) and the observed line shapes compared with the theoretical. The line
shapes depend on the parameters r = 2t5C0 and , 1 where T2 is the spin-spin

relaxation time in the absence of exchange. The shapes of the theoretical curves can
be summarized conveniently in the form of graphs which make it easy to determine t

"7K
- /"\/"\ ^0T a particular observed line shape. For slow exchange, a plot

max / ~f~ \ °^ "^e ratio of maximum to central minimum is plotted vs. r for

j, / "'"$.'' \ a given value of t . For fast exchange , a plot of — vs . r at

a given value of t is commonly used where A is the width at half
height (half -width) in radians/sec. More detailed treatments of

the collapse of spin-spin multiplets may be found in the literature (i+,5,6).

The mean lifetime of a proton on site A is related to the rate constant for pro-
ton exchange and to the rate of proton exchange by equation V. The most fruitful
applications of n.m.r. to the measurement of proton exchange are for cases where the
lifetime t^ is of the same order of magnitude as the reciprocal of the frequency

k - TA
" [A] dt

(V)

separation between different chemical sites or between the components of a multiplet.
Thus n.m.r. is very useful for studying exchanges with lifetimes in the range of 0.1
to 0.0005 sec.

A good qualitative summary of the principles of exchange broadening and the
application of n.m.r. to the measurement of exchange rates has been given by Meiboom
(7).

Fast Proton Exchange

:

A. Proton Exchange on Nitrogen — In 195^, Ogg reported
that the proton resonance of carefully dried ammonia consisted of a triplet (J =

k-6 cps) whereas the spectrum for ammonia containing a trace of water was a singlet (8)
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He also observed that the spectrum of M4NO3 in H2 consisted of a singlet whereas the

addition of a small quantity of nitric acid resolved the spectrum into the IT-H triplet
and the water peak. This behavior was also observed by Meiboom and co-workers in a

detailed study of the proton exchange of ammonium ion and the methylammonium ions in

aqueous acidic solution (k ,9,1.0,11) • An explanation for this behavior may be obtained
from the kinetic results for the proton exchange reactions occurring in the above cases.

H\ + 1

ri J® + H2 r~»
R"^ k_ n

R.

R'— N + H3
R"X

+

R^
R'-

R"-

• NH
+ + OH*

kg.

k7
RL^N + H2
R<!/

R\ +
R\Rt-—MH + R"— M

R»X RV
R- R.

^_> r'_n+ r'—m
R'^ R*^

r+

H

v,
s -m+ +

R R\ k
R\

R|\ N _i^> RL^J}J + H
R»/ R'>- R

The pseudo first order rate constant for proton exchange is

f R.
+ R«—HH

R"^

rh

k =
rate

[RR'R I,UH+ ]

= kx + ^g^ + (k3 + k4 )
-A

[RR'R"Mr1']

[R+]

where Ka is the acid dissociation constant for the ammonium ion in water and Ky is

the ion product for water.
The proton exchange reactions of methylammonium ion (R=R'=H,R"=CH3) have been

studied by Meiboom, Loewenstein and Grunwald (^,9) •> Measurements were made in which
the concentration of CH3M3 was constant and the hydrogen ion concentration varied
from 10 3 to 10~5M. The total rate constant for proton exchange (k) was evaluated

pH

O.96

-MH<

H2

A
CHa-

A_
3.^1

8.56

Figure 1

+from the observed collapse of the CH3 quartet (Fig. 1). At constant CH3Mi3
' concer

tration,the rate was inversely proportional to hydrogen ion concentration and k [H+]
was a constant within experimental error. From this fact it could be concluded that
ki was negligibly small. At k.kTM CH3NH3CI, an upper limit for kx of approximately
0.2 sec."" was found from measurements on strongly acidic solutions. Later work to
be described below has shown that the magnitude of ki is dependent on the CH3HH3

+
concentration. Inspection of the above rate expression shows that a plot of ktH4 ] vs.
CH3M3 concentration should give a straight line with a slope of (k3+k4 ) KA and inter
cept ksK w . A straight line was obtained for low CH3KH3

+
concentrations, the scatter

observed being largely due to inadequate temperature control. The intercept was very
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kaK w
near zero thus indicating that the contribution of to the total rate is neg-

i
" -l -i

ligible. An upper limit for k2 is estimated to be 1011 sec. M
Under these conditions the water line also undergoes broadening and at higher

pH the H2 and M3
+ peaks coalesce, indicating that at least part of the protolysis

involves proton transfer from nitrogen to oxygen. The lifetime of a proton on water,
tjj o, can be obtained from equation II for exchange rates such that the H2 and the

Ml3+ peaks do not overlap. The lifetime of a proton on nitrogen before transferring
to oxygen (t 1

) is related to TR2o~by equation VI. The fraction of protolysis in-

volving direct proton transfer from HH3
+ to water is given by equation VII where k

T ~ T H2 2 [H20]
tV±j P_ kT' ^

Vllj

is the pseud o first order rate constant for the particular CH 31013+ concentration and

pH at which tjj q was measured. For methylammonium ion, p = O.58. Since ki and

rB,^ do not contribute much to the total rate, the large value of p obtained is

evidence for a reaction such as is described by k.4., or its analog involving more than
one water molecule. We will return to the discussion of the methylammonium ion after
a consideration of the proton exchange reactions of ammoniun ion (R=R , =R"=H) . The
behavior of the latter system has aided in the study of the methylammonium ion and

has permitted a more accurate evaluation of the rate constants in the latter case.

The n.m.r. spectrum of KH4CI in acid solution consists of three sharp lines (J =

50 cps) and a single sharp water peak. Quadrupole relaxation of the nitrogen is

slow in this case and thus r can be evaluated from a component line of the triplet
by use of equation II. A kinetic analysis similar to that described for methylam-
monium ion above has been given by Meiboom, Loewenstein and Alexander (11) . The
most significant difference between the protolysis of the methylammonium ion and
ammonium ion is the small participation of water in the exchange processes of the
latter (p = 0.08) .

A more detailed study of the ammonium ion has been carried out by Grunwald,
Emerson and Kromhout (12). Employing appropriate statistical factors, the rate
expression can be written as:

«A<= A- + ^ +[ *3. + ^]KA
[W~]

where r-qp: has been neglected due to the very small concentration of hydroxide ion.

The value of (-^ + -A) can be calculated from the slope of jtA 1 vs. -frapr an(^ a know-

ledge of K^ for ammonium ion, which was found to be dependent on the concentration
of ammonium chloride. The term (^3+^4.) was constant for a pH range of 1-4 and an

ammonium chloride concentration range of 0.25 to 2M. From the work of Meiboom (.11),

k4 = 0.08k3 , thus allowing for calculation of k3 which was found to be k3 = (1.17 +
0.04) x 109 M sec." 1 (25°).

The magnitude of k3 suggests that this reaction may be diffusion controlled. The

intercept of the above plot is — + -r-
1

. The value of the intercept decreases as the

concentration of ammonium ion increases in contrast to k3 which is constant over the

same concentration range. Since ^- does not change, kx must be decreasing. If k3

is diffusion controlled, then it is reasonable to assume that k-x is also diffusion
controlled. Assuming that the salt effects on k3 are similar to those on k_

1 , then
k should be constant in the solutions for which k3 is constant. The values of

T
—*"

X" Plotted vs. K. for different ammonium ion concentrations gives a straight

line with slope ^ . The value for k„
1

is (4.3 + 0.2) x IO10 M"
1

sec.*"
1

(25°).
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The value of ki at zero ionic strength (its maximum value) can be calculated from

k? = k_ K9 and is found to be equal to 24. 6 sec." 1 at 25 . The decreasing values of

ki with increasing ionic strength are consistent vith a mechaninm which involves a

diffusion of charge in the transition state. The rate constants are summarized in

Table I.

Returning now to the methylammonium ion, it is assumed that k again is subject

to the same medium effects as k3 (13). From k_i = 3,7 x 1010 M~1 sec.~ 1 (25°) it was
found that the contribution of ki to the total rate ranged from k to 0.05$ depending
on the value of KA which is dependent on the concentration of methylammonium chloride.

The quantity (k3 + k4 ) decreased to one half of its maximum value over the concentra-
tion range 1.7-8.1M in CH3HH3 j this behavior had also been observed by Meiboom (4,9)

•

If k3 and I14 are diffusion controlled, the viscosity of the medium would be expected
to have an effect on the diffusion rate. Multiplying (k3 4- k^) by a viscosity cor-

rection (Vr
lo^ Sives a value for (k3 + k4 ) at infinite dilution (9o5 + O.55 x 108

M"1 sec." 1
) which is constant over the concentration range studied. In the viscosity

correction, T} is the viscosity of the medium and tj is the viscosity of pure water.
In the case of ammonium ion where (kg/6 + k^/k} was constant (no corrections required),

it was observed that the viscosity correction t)/t\ was very nearly unity (12) . Anal-
ysis of the broadening of the water line led to h4/k 3 = 1.31 which was constant over
the entire concentration and pH range studied. The rate constants are summarized in
Table I.

The rate of proton exchange for dimethylammonium ion (R=R'=CH3 ,R"=H) and tri-
methylammonium ion (R=R'=R"=CH3) have been studied in an analogous manner (10). The
total rate constant for proton exchange (k) was determined from the collapse of the
methyl triplet in (CH3) 2MH2

+ and from the collapse of the methyl doublet in ( CH3) 3HH7"

Analysis of the water line shows that in both cases nearly all of the proton transfer
occurs from nitrogen to oxygen. Rate constants are summarized in Table I.

Table I

Rate Constants for Proton Transfer Reactions of Ammonium and Methylammonium
Ions in Acidic Aqueous Solution, (T=25° unless stated otherwise)

Iffl.
+

(K°=5. 68x10

CH3HH3
+

(KX=oT24xlO~
10

)

(CH3 ) 2M2
+

(k£=o. 17x10

(CH3) 3NH
+

(k°=i. 57x10

k?( sec

"

- 1
) k_i(M~

1
sec"

1
) k^M^sec"1 ) k3(M~ sec" 1 k4(M

_1
sec

_1
) P

-10)
24.6 4.3 x 1010 <1012(21°) 1.17xl09 0.9 x 108 0.08

-10
)

1.2 3.7 x IO10
*

<ioxl (i9 ) 4,0 x 108 5.3 x 108 O.58

•10
)

0.52 3.1 x IO10 <1011 (22°) 0,5xl08(22°) 7.3 x 108 0,93

-10
k 2,5 x 1010 <1011 (22°) 0.1xl08(22°) 4 . x 108 0,99

* Interpolated value

Connor and Loex/enstein have determined the activation energies for the proton
transfer reactions of CH3KH3

+ and WH4+ talcing place in acidic aqueous solution (14).
For CH3NH3 , the changes in line shape of the methyl quartet were observed over a
temperature range of 25-70°. The contributions of kx and k2 [0H~] to the total rate
were neglected. The hydrogen ion concentration was found to be constant over the tem-
perature range employed. The rate constant for proton exchange is then given by k =

(k3+k4)KA [CH3WII3]/[K+] . For a given methylammonium ion and hydrogen ion concentra-
tion, a plot of log (ks+kj vs. l/T gave a straight line. The ratio of k4/k3 was
found by analysis of the water line to be independent of temperature. The approximate
sum of the activation energies for the reactions described by k3 and ki was found to
be less than 470 cal./mole.

For Tffl4
+

, the contribution of k2 [0H~] to the total rate was neglected. Again x
was measured by means of equation II which applies only when the components of the
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triplet do not overlap. This limits the temperature range over which the rate con-

stants can he observed to 25»55°C. A plot of log k = 1/t vs. l/T gave a series of

straight lines corresponding to the different hydrogen ion concentrations employed.

All of these lines had the same slope. A second family of curves was then construc-

ted in which k was plotted vs. l/[lT"] at a particular value of l/T. The slope of this

line is (k3/6 + k^A) KA [HH4
+

] with intercept kx/4. The ratio IC4/I-3 was assumed to

be independent of temperature. The approximate sum of the activation energies obtained

for the k3 and I14 reactions was less than 130 cal./moie whereas the kx reaction has

an activation energy Ea = 12.2 + 0.5 kcal./mole.

Table II

Activation Energies (Ea) for Proton Transfer Reactions of

Ammonium and Methylammonium Ions in Aqueous Acidic Solution.

T range kj k_3 lu

25-55° W** 12 « 2 kcal/mole <130 cal./mole (k3+k4 )

25-70° CH3NH3
+ - <470 cal./mole (k3+k4 )

19-67° (CH3) 2NH2
+

- 2.6 kcal/mole

19-1+8° (CH3 ) 3NH
+

7.3 kcal/mole 6.6 kcal/mole

Activation energies have also been determined for the proton transfer reactions

of ( CH3) aHF^and (CH3) 2NH2
+ in an analogous manner (15) . The data is summarized in

Table II.

Probable mechanisms for the k4 reaction have been presented (4,13) The one

most currently favored involves a rate determining proton transfer from water to the

base followed by a rapid release of a proton on the ammonium ion. A calculation for

methylammonium ion shows that ' k_2 is on the order of 105 M-1 sec.~1(4). It is reason-

able to expect that the electrostatic field of the ammonium ion will increase the

acidity of the water. Thus the magnitude of I14 relative to k_,2 is reasonable. The

rate then should parallel the base strength of the amine as is observed,

Calculations have been done showing that for ammonium ion<, k_ 1 is consistent with

a diffusion controlled reaction occurring when NH3 and H3
+ are next nearest neigh-

bors (12). The calculations also predict that the reaction of !IH4
+ and NH3 (k3 )

occurs when NH4+ and M3 become nearest neighbors. Ammonia and ammonium ion become
next nearest neighbors by a simple diffusion process but the replacement of a tightly
bound water molecule requires a somewhat higher activation energy than simple diffu-
sion. Table I shows that amines are much better bases than water toward ammonium
ions. The values for kj. parallel the acid dissociation constants for the ammonium
ions.

The protolysis of 11-methylacetamide in both acidic and basic media has been
studied (l6) and the activation energies for proton exchange in pure N-methylacetami.de

and N-methylformamide have been determined (17). The protolysis kinetics of sarcosine
hydrochloride and the zwitterion form ( CH3NH2 CH2COO'~) have been reported (18,19).

B. Proton Exchange on Oxygen -- Arnold first reported the effect of H or OH" on
the n.m.r. spectrum of pure ethanol (20) . The hydroxyl triplet will be completely
obliterated upon the addition of hydroxide ion of little more than 10~ 5 M„ Weinberg
and Zimmerman found that small, concentrations of water do not wipe out the hydroxyl
multiplet (21). A change in chemical shift between the two peaks due to exchange
becomes detectable when the water concentration approaches 20$. Schneider and Reeves
studied the coalesence of the water and ethanol hydroxyl signals as a function of tem-
perature for a 2:1 ethanol-water mixture (22) . The activation energy for the process
was found to be 7. 5 + 0.5 kcal./mole.

The protolysis kinetics in ethanol and methanol have been studied as a function
of added acid and base (23). The rate of proton exchange in ethanol was determined
from the collapse of the methylene multiplet which was considered to be made up of
four doublets. The rate of exchange of ethanol molecules with water was obtained
from the broadening of the water line . The equations for proton exchange which were
considered and the rate constants measured arc given in Table III. The rate constants





R=CH3 R=CH3CH2

ki: 2.6x 106 2.8 x 106

k2 : 9.5 x 106 l.k x 106

k3 :
- 2.8 x 10s

Ts^i 8.8 x 107 1.1 x 108

k5 :
- 0.8
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were constant for a water concentration range of 3. 1-11 wt.#. The runs were made by

adding acid or base to ethanol-water mixtures of known water and ethanol concentra-

tions. It can be seen from Table III that methoxide ion is a stronger base than

hydroxide ion in methanol whereas in ethanol, hydroxide ion is better than ethoxide.

Table III

ROH + OH" -~j^ R0~ + H2 Rate Constants (M
_1

sec."
1

) for Proton
"\ Exchange in Acidic and Basic Ethanol

ROH + OR" -^ OR" + ROH and Methanol (T=22°)
,_

ROH + H3
+ -^ R0H2

+ + H2

ROH + R0H2
+ -j** R0H2

+ + ROH

ROH + HOH * -^> ROH* + HOH^

In methanol the water line has only a small chemical shift relative to the hydrox-

yl resonance and the line broadening of the water line could not be determined accu-

rately. In the acid region the exchange between water and methanol is so fast that no

values for k3 or kg. could be obtained. The value for ki in Table III is for anhydrous
methanol. Anhydrous methanol shows a measurable rate of exchange in neutral solution

which is ascribed to a molecular reaction R0H*+ ROH b ROH + ROH . The exchange
rate is too high to be attributed to the methyloxonium and methoxide ions present in

neutral solution.
The exchange reactions of anhydrous methanol containing added acid or base have

been studied in greater detail (2^-). The measurements described above were done in
unbuffered solutions. The following measurements were made in buffered solutions con-

taining a carboxylic acid and its sodium salt. Under these conditions methanol under-
goes exchange with the buffer components but this contribution to the rate was elimi-
nated by extrapolation to zero buffer concentration. The rate constant for proton
exchange (k) was evaluated from the collapse of the methyl doublet. An additional
correction to the rate constant k = 1/t - l/Tj. was made where 1/Ti is a correction for
the spontaneous inversion of the hydroxylic proton spin( spin-lattice relaxation time).

At room temperature, l/Tj. = 0.3 sec."1 . Rate measurements were made on solutions of
constant buffer ratio and R plotted vs. concentration of buffer acid, [HBz], where
R = k [CH3OH]. The line was extrapolated to zero buffer concentration to give R , the
rate of proton exchange involving CH3OH, CH30H2

+
, and CH30~. The concentration of

methyloxonium ion is given by [MeOH2 ] = K^[HBz]/ [NaBz] where K^ is the acid dissocia-
tion constant for the carboxylic acid in methanol. The exchange is catalyzed by both
acid and base. The rate expression is R = k,

n + [MeOH2
+

] + k, _- K^
7
/[MeOH2+ ] where

K = [MeOH2+][OMe"J = 1.21 x 10"17 (2.5°). A plot of R
Q

vs. [MeOH2+] in the acid region
and R vs. [MeOH^]"1 in the basic region for a series of constant buffer ratios of
benzoic and o-, m-, p-nitrobenzoic acids gave a straight line with a slope of L. .„ +
and kg^-Ky. respectively. The values obtained for the rate constants are kM qu + =

8.79 x IO10 sec."
1

and kQMe - = I.85 x 1010 sec."
1

at 25°. (The authors multiply the

observed rate constant by [MeOH] so that R is in units of M sec."1 and the rate
constants have units of sec."1 ) This value for kM „ + is larger than the previously

determined value of ki = 2.75 x 109 sec."1 (from Table III) measured in unbuffered
solutions.

The proton exchange between benzoic acid and methanol has been studied by Grunwald,
Jumper and Meiboom (25). The rate of proton transfer between methanol and the buffer
components,RM ,is equal to RM = R-RQ where R

Q
is the rate of exchange between CH30H,

CH30H2 , and CH30" and R is the total rate of exchange determined from the collapse of
the methyl doublet. The rate at which the carboxyl group exchanges with methanol, Rq,
can be obtained from the carboxyl line at low temperatures or from the coalesced car-
boxyl-hydroxyl resonance. The equation for the determination of Rc from this coalesced
line in the case of fast exchange has been derived (25). The derivation is complicated





- 66 -

by the fact that both spin-spin interactions and different chemical sites are present

and must be considered together. At 24.8° with a benzoic acid - sodium benzoate buf-

fer, Rm = ka [HBz] + k2 [HBz][NaBz]. This equation fits the data for a vide range of

benzoic acid concentrations at constant buffer ratios. It also holds for a hundred-

fold variation in the buffer ratio. The values for kx and k2 are kx = 1.31 x 105

sec." 1 and k2=l . 2xlOsM~ 1sec
-1

The rate of exchange of the carboxyl protons, Rc , fits

the equation Rq = H [HBz] + k2 [HBz][NaBz] where k{ = 0.71 x 105 sec."
1

and k2 = I.52

x 10s M"1 sec. -1
. Thus RM and Rc are given by rate laws of identical form and if it

is assumed that the kinetic terms with identical concentration dependence in the two

equations correspond to the same kinetic process, then the ratio of the rate constants

is equal to the number of methanol molecules which undergo exchange for each carboxyl

proton which undergoes exchange. The second ratio could be one

—^ = I.85 t-S = 0.80 within experimental error, which is also its lowest possible
kl k^ value. At -8l.6°, RM = j x [HBz] + k2 [HBz] [NaBz] where k2 is

independent of the buffer ratio and is equal to k2 = 1.73 x 106 M_1sec.- 1
. Unlike kx

at 25°, J! varies with the buffer ratio and was found to obey the empirical equation

ji = ki + k3 [NaBz] 1/2/ [HBz J
1/2 where kx = 2l6 sec." 1 and k3 =1.07 x 104 sec."1 . An

identical rate dependence for Rq was found at -8l.6° with k{ = 100 sec." 1
, k2 = 1.8l

x 10s M" 1 sec.
_1
and k3 = 300 sec."1 , with such a large error that k3 could be zero.

The kinetic order in methanol at this temperature is given by the ratios, ki/k{ =

2.16, k^k^ = O.96, k3/k3 = 36. These agree fairly well with the ratios obtained at

25°.

The sensitivity of ki and k2 to acid strength at 25° has been determined (26).
These rate constants were measured for a series of buffer ratios using benzoic acid,
o-, m-, p-nitrobenzoic acids and 3,5-dinitrobenzoic acid as the buffer acids. Plots
of log ki and log k2 vs. log Ka gave a straight line for the m- and p-substituted
acids. The slope for the ki plot was 0.53 and the slope for the k2 plot was 0.26.

The k2 term, which involves a methanol molecule (k2/k2—• 1) , and a molecule each of
benzoic acid and benzoate, is therefore interpreted as involving a build-up of a

partial negative charge on the carboxyl group and thus a partial positive charge on
the central oxygen in analogy with the concerted Sjt2 displacement.

CH3 CH3 CH3

AH ••• 0-H ••• A" > A~-"H-0-H. •• A~ > k • • H-0 •••HA
+

The ki term involves two methanol molecules on the average and one benzoic acid.
The observed entropy of activation (AS^ = -ik.k eu) favors a cyclic mechanism which
could be concerted and involves no charge development in the transition state or in-
volves formation of an intimate ion pair with a large amount of charge development in

the transition state. No definite conclusions can be drawn from the data at hand.
The k3 term is significant only at low temperatures and is polymolecular in

methanol. Nothing further is known about this behavior.
By the addition of HC1 to a solution of benzoic acid in methanol, Grunwald and

Jumper have been able to evaluate a rate constant for an exchange between CH30H2 ,

CSH5C00H and an undetermined number of methanol molecules (27) . Other examples of
proton transfer on oxygen have been reported. Paters on has studied the reaction ROH +
M" -X-

HOH -—*• ROH + HOH for a number of alcohols (5,28,29) . The exchange reactions of 0H~
and H3 0+* with water have been studied by Meiboom using proton relaxation techniques

(30,31,32) . Hydrogen peroxide -water exchange (33) and the keto-enol conversion of
acetylacetone (3,22) have been studied by n.m.r.

C. Proton Exchange on Phosphorus -- A study of the exchange reactions of tri-
methylphosphonium ion in aqueous solution has been carried out by Silver and Luz (3^) .

Other examples of proton exchange on phosphorus will be mentioned in the next section
as examples of slow proton exchange.

Slow Proton Exchange : A brief mention should be made of some of the slow proton
exchange reactions which have been studied by the n.m.r. technique.

The exchange of (ND4) 2S04 in H2S04 -H2 mixtures has been investigated by Grunwald
and co-workers (12,35) • The exchange rate is lowered considerably under strong acid
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conditions . The experimental rate constant is given by k e = r In where h+ is

the peak height of a particular NH4"*" triplet line at time t. A plot of log (h^- ht )

vs. t gives a straight line with slope equal to k , The large decrease in rate can be
explained by a consideration of the following, where k" is the rate constant for dis-

+ *- j^j * 1 sociation of the amine water hydrogen bond. In
H3MH-.-OH2 -^ H3N---H-OH + H dilute acid k£ >> k! x [H

+
] and the rate = k{ [NH4+]

*-i but in strong acid kl <( kix [i&] and the rate =

I^a kJr [H3N"°'H -OH], Since the concentration of the

H3N'*'H-0H J H3N + H2 complex and ammonia are both small, the concentra-
tion of the complex can be replaced by [NH3 ] =

K^ [NH4
+ ]/h where K^ is the acid dissociation constant of NH4+ in water at infinite

dilution. The experimental rate constant is then given by ke = krV K°/h . The ke 's

observed refer to D-H exchange. Applying a statistical correction, an isotope effect

n .4/2~keh .

correction and a viscosity correction, gives for k„, k„ = -*
( rg—~) where ku is

the rate constant for rupture of the N° • -H* bond in water. For NH4+, kjj = (4.9 + 0.5)

x 1011 sec."1
. Many examples of the slow exchange of phosphorus bonded hydrogen have

been reported (36,37,38,39,40).
Other Studies

;

MacLean and Mackor have studied proton exchange (both intramole-
cular and intermolecular) of protonated methyl benzenes in HF-BF3 media (41,42,43).
Proton transfer reactions in several organic solvents have been studied by comparing
the n.m.r. spectrum of a H20-D2 mixture in the solvent with theoretical line shapes

(44) . More recent studies on the amine systems are available (45, 46, '1-7) •
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CHEMICAL SHIFT AND THE DETERMINATION OF CHARGE DENSITIES IN AROMATIC SYSTEMS

Reported by R. T. Puckett November 25, 1963

Introduction : Theory of chemical shift for nuclear magnetic resonance predicts
that electron charge density in the vicinity of a given nucleus makes an important
contribution to the screening of the nucleus (la). An empirical linear relationship
between chemical shift and electron charge density in aromatic systems has been pro-
posed by several workers (2,3,4,5). The purpose of this abstract is to investigate
the validity of this correlation and to discuss its applicability to organic chem-
istry. The abstract will survey results reported in proton, carbon-13 and fluorine

-

19 nuclear magnetic resonance.
Proton NMR: The Ramsey theory of chemical shifts indicates that the screening

of a proton should be proportional to the amount of electronic charge in its hydrogen
Is orbital (la). For a covalently bonded hydrogen this screening is a function of
the polarization of the bond. In aromatic systems the polarization of this bond is

affected by the electron density on nearest neighbor carbon atoms and possibly atoms
even further removed. Other factors which have been shown to affect chemical shift

in aromatic systems are (a) electric field effects due to the presence of a localized
electric charge or dipole in the molecule (6), (b) magnetic anisotropy effects (la),
and (c) solvent effects (7).

Substituted Benzenes : The chemical shifts of ring protons in substituted ben-
zenes as a function of substituent ha,ve been studied rather extensively. It was
noted by Corio and Dailey in 1956 (8) that introduction of a substituent group into
the benzene ring generally produced a shift in the aromatic proton region of the
spectrum relative to that of benzene. The shifts were compatible with the qualitative
predictions of resonance theory, i.e. , electron withdrawing groups such as N02 , C0C1,
COOH, COCH3, CN produced a shift to lower field (0.2-0.9 ppm) while electron donating
groups such as OH, NH2 . NH(CH3) produced a corresponding shift to higher field. Not-
able exceptions were the halogens, CI and Br producing no discernable shift with the
resolution obtained and I producing a spectrum with one multiplet shifted to low
field (assigned to ortho proton) and other multiplet s at high field (assigned to
meta and para protons] . These workers made tentative chemical shift assignments to
the respective ortho, meta and para protons; but in many cases resolution was not
high, and the assignments were not unambiguous. A similarly qualitative study has
been reported by Cliarton-Koechlin and Leroy (9)- The following sequence was observed.

NO; CHO Br

CsH6

CI CpH2n5 CH3 NH2

magnetic field increasing

A more quantitative study has been made by Spiesecke and Schneider (10). The results
of this study are summarized in Table I. Assignments in these spectra were made by
comparison with the spectra of appropriately deuterated species, the 3,5-d2 and 2,4,
6-d3 derivatives being generally employed. It should be noted that for the halogens,

Table I

Proton Shifts in Mono substituted Benzenes
(ppm relative to CSH6 $ 5* solution in cyclohexane)

Substituent ortho meta para
F +0.31 +0.023 +0.22
CI -0.02 +0.025 +0.12
Br -0.22 +0. 085 +0. 030
I -o.4o +0.25 +0. 033
OCH3 +0.43 +0. o4o +0.37
NH2 +O.76 +0.20 +0.62
N( CH3 ) +0.60 +0.10 +0.62
CHO 2 -O.58 -0.21 -0.28
N02 -0.95 -0.21 -0.33
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the relative inductive order (F)>Cl>Br>l) is followed in the case of the raeta protons,

while the order is reversed for the ortho and para protons. It is apparent that any
manifestation of relative inductive effects in the chemical shift of protons in the

latter two positions is overshadowed by some other effect, Spiesecke and Schneider
explain this anomaly as being due to the magnetic anisotropy of the halogen substit-

uents which qualitatively would be expected to have a large effect at the relatively
close ortho protons. However McDonnell's theory of magnetic anisotropy effects (ll)

predicts that halogen ortho shifts due to this effect would also require a para shift

of approximately the same magnitude, which is not observed. A possible explanation
is that the magnetic anisotropy effect is operative since a reversal of inductive
order is noted at both positions, but that an additional, effect is operative at the
ortho position. It is interesting to note that If a plot of the para proton chemical
shifts relative to benzene is plotted versus the corresponding Hammett ay, value for
that siibstituent, a fairly good linear correlation is obtained. However the scatter
from a straight line, which is greater than experimental error, invalidates this as a

technique for accurate determination of Hammett dp parameters. Wo improvement in the
linearity of the plot is noted if the <tr constant of Taft is employed. There is no
correlation whatsoever for meta proton shifts with either Hammett' s crm or Taft's oj
parameters

.

Diehl has studied substituent effects on the chemical shifts of substituted ben-
zenes and has found that these effects are additive for meta and para di substituted
derivatives in 5$ hexane solution (12). From the results of his meta substituted
derivatives , he was able to predict shifts for para di substituted compounds with
reasonable accuracy. A rough correlation was also shown to exist between the ortho
proton and the para proton shieldings for a given substituent. Again marked devia-
tion was exhibited by halogen derivatives and also by -CEf. Martin and Dailey have
performed a similar study (I3)j> their spectra being measured in cyclohexane and the
observed chemical shift being extrapolated to infinite dilution. This work demon-
strated that the ring proton shifts of polysubstituted benzenes may be represented
with an accuracy of about +0.1 ppm as simple sums of substituent shielding constants
except in the case cf ring protons next to substituents which are ortho to one an-
other (13) •

Other studies with analogous results have been reported by Fraser on substituted
xylenes (ik) and Bullock on durene and mesitylene derivatives (15). Langenbucher and
co-workers have recently reevaluated meta proton shifts in some 2,4,6-d3 monosubsti-
tuted benzenes (l6). A study performed by Yamaguchi and Hayakawa (17) is useful only
qualitatively due to their use of solvents which are known to exert sizeable solvent
effects on proton chemical shifts. In general the proton resonance shifts in sub-
stituted benzenes tend to reflect the electron charge density on the bonded carbon
atoms, this Influence being manifested by a shift to higher field on introduction of
a strong electron releasing substituent and by a shift to lower field on introduction
of a strong electron withdrawing substituent.

Quantitative Correlation Att^emgtss In i960 Fraenkel, Carter, McLachlan and
Richards reported the proton spectra of the series C5H5 ~, C6H6 , C7H7 . Since each
molecule possesses six p_i-electrons and therefore has similar ring currents, the
relative hydrogen shifts in a common solvent were ascribed to the different electron
densities (2) <, This series had been studied previously (l8), but different solvents
had been used for each compound. From, their results these workers proposed that a
linear correlatior , 5=kAp , existed between the ring proton chemical shift, 8, and the
excess or deficiency of pji-electron density, Ap, on the carbon to which the proton
was bonded , with k being an empirical constant. Benzene was chosen as the reference
base for chemical shift and charge density. Since the pi-electron density on each
carbon atom in benzene is unity, Ap=0; for C5H5 there are six pi-electrons to be uni-
formly distributed over five carbon atoms yielding Ap=+0„2 and for C7H7"*" a value of
-0.1^ is obtained for Ap. Shifts appearing at lower field are correspondingly desig-
nated as negative, thus fixing k as a positive empirical constant. The observed
chemical shifts relative to benzene were +I.85 ppm for C5H5" and -I.90 pm for CyHy

+

(2)0 After correcting chemical shifts for ring current effects (corrections relative
to benzene were -0.11 ppm for C5H5

~ and +O.06 ppm for C7H7+) , k was found to be in
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the neighborhood of 10 ppm/electron (2). In extending this correlation, appropriate
corrections must "be made for (a) the magnetic anisotropy of substituents or hetero
atoms in the aromatic ring, (b) ring current effects of neighbor rings in polycyclic
aromatic compounds, (c) ion association of aromatic ions and (d) solvent effects. Of

these the first is probably the most difficult to estimate accurately and limits the

accuracy of the method considerably. King current effects are easier to estimate
either by the use of Pople's point dipole approximation (lb) or by the use of the
Johnson and Bovey tables (.19) • Jonathan has reported that use of these tables is the

more accurate of the two, especially at short distances from the ring in question(20)

.

Ion association effects can be estimated in a qualitative sense only. The best cor-

rection for solvent effects appears to be the use of those solvents which have been
found to be "inert" with respect to proton chemical shift. Schaefer and Schneider
have also measured proton chemical shifts for the series C5H5 , C6H6 , C7H7

+ and have
obtained a value for k of 10.7+0.2 ppm/electron (21). However the deviation of points
from the straight line exceeds experimental error. Attempts have been made to im-

prove the precision of the correlation, such as the inclusion of square terms in Ap
(22) and the Inclusion of excess charges on neighboring carbon atoms as well (23);
but these do not seem to offer a significant enough improvement to warrant their use
as a practical application of the correlation.

The ultimate test of the correlation is of course its application to a variety
of aromatic systems. At present there is no completely reliable information on
charge densities for comparison with the values derived from JMR. The only recourse
is to the various molecular orbital calculations which unfortunately can differ con-
siderably according to the particular approximations used. However general trends
are similar in many of the approximations, and these can be used to critically evalu-
ate the method. Unless otherwise stated the value of k=10.7 ppm/electron was em-
ployed in the calculation.

A. Substituted Benzenes: Molecular orbital calculations are difficult for sub-
stituted benzenes and the results obtained depend upon the approximations used to
account for the interactions of the substituent with the ring. One example, aniline,
is considered as the first entry in Table II (21). The molecular orbital calculation
shown is that giving best agreement with the experimental data. Agreement is fair
but obviously is not exact. Other calculations show the same general trend with max-
imum discrepancy between Ap exp. and Ap calc. of about 0.06 occurring at the ortho
position. Deviations in the meta and jara positions are of the order of 0.02.

Table II

Excess Charge Densities in Aniline , Pyridine and Pyridinium Ion

Compound .ggoton Pos, H 1
Shift (ppm) Ap exp. Ap calc. Ref.

ortho +0.75 +0.071 +0.081 24
meta +0.20 +0.019 -0.003
para +0.62 +O.059 +0.064

-1.31 —— -0.49 27
+0.15 +0.014 +0.010
-0.26 -0.024 -0.021

"I. 56 -0.146 -0.101 28
-0.91 -0.085 -0.073
-1.48 -0.138 -0.171

B. Heterocyclic Compounds s The main source of error in compounds of this type
is in the estimation of the magnitude of the magnetic anisotropy effect of the hetero
atom. If some reliable method of estimating this effect were available, the correla-
tion would probably prove very useful for this class of compounds. Two examples,
pyridine (25) and pyridinium ion (26), are presented in Table II. Again agreement is

fr
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fairly good. In the case of pyridine no value is reported for Ap in the a position
due to uncertainties in the magnitude of the magnetic anisotropy effect which would
he expected to he greatest at this position. The method has also "been applied to

pyrimidine (29). Veillard and Pullman (30) have studied a series of heterocycles in-

cluding purine., 2,6-diaminopurine, adenine and others. After correcting the proton
chemical shifts for ring current effects, they prepared a plot of o versus q, q being

the charge density calculated from self-consistent field molecular orbital methods.

This work is difficult to evaluate since no actual numerical data is given for the

magnitude of ring current corrections and since for any given compound the proton
whose chemical shift is plotted seems to have been chosen at random. Thus it cannot

be offered as convincing evidence for the proposed linear correlation of chemical
shift and excess charge density.

Co Non-Alternant Hydrocarbons, Azulene: The proton spectrum of azulene was

first completely analyzed by Schneider, Bernstein and Pople in 195$ (3l)« Various

workers have attempted to determine electron charge densities in this hydrocarbon by
the MMR shift technique (3.>21,32)» The results of two of these calculations (21,32)
are given in Table III. Identical shift data was used in both cases. Differences
arise in the method of correction for ring current effects and the use of k=9«3 ppm/
electron by Dailey and. co-workers (32). Some p_i-electron charge densities calculated
from molecular orbital theory are shown for comparison. The main source of error in

Table III
Excess Charge Densities in Azulene

Compound

HMR M0 Theory

Position Ref. 21 Ref. 32 HM0( 33) SCF( 34) VESCF(35)

2 -0.03 -o„o43 +0. OVf -0.003 -0. 012

1,2 +o. 05 +0. 036 +0.173 +0. 049 +0.059
4,6 -o. 04 -0. 036 -0.145 -0.092 -0.046

5,7 +0.04 +0. 066 -0.014 +0. 034 +0. 011
6 -0.01 +0. 014 -0.130 -O.O62 -0.031

evaluating the HMR data for this compound is probably in estimating the correction
due to current circulations in the "other" ring. In the first case (21) , currents in
both the five and seven membered rings were assumed to be the same as that of benzene
while in the second case (32) ring current effects were calculated by use of the
Johnson and Bovey tables. The best correlation is probably with the variable electro-
negativity self-consistent field calculations of Brown and Heffernan (35)* These
calculations also give the best agreement with the experimental dipole moment of azu-
lene (35) ° In general the electron density alternations around the two rings is re-
produced by the 1MR data, but the results are not strictly quantitative. It is in-
teresting that the electron densities derived from MMR data show a smaller variation
than those predicted from M0 theory.

D. Carbonium Ions. Various workers have reported the proton spectra of triaryl
carbonium ions. O'Reilly and Leftin have studied triphenylcarbinol in sulfuric acid
solution, but resolution of the spectrum was not good (36). Moodie and co-workers

(37) have reported the spectra of a series of substituted triarylcarbinols in a mix-
ture of trifluoroacetic acid-trifluoroacetic anhydride. It is interesting to note
that the introduction of para substituents such as CH3 and 0CH3 does increase the
shielding of ring protons relative to the unsubstituted triaryl carbonium ion as
would be expected on the basis of a qualitative application of the charge density -

chemical shift correlation. Definite assignment of peaks to ortho , meta and para
protons was not made,, Dehl et &L was able to make definite assignments by the use
of appropriately deuterated triphenyl carbonium ions (38). It was found that the
para protons were about 0.5 ppm to the low field side of the ortho protons with the
meta protons appearing at about O.33 ppm above the para protons. Applying the cor-
relation, It would be predicted that relative charge densities were in the order
orthq>meta)>para . This order is not predicted by HMO or resonance considerations; but
SCF calculations by Pople (39) predict the following pi-electron charge densities:
ortho=0. 95 > 2£eta=:0.94, para-0. 8l in qualitative agreement with the "experimental" results.
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The spectra of protonated pentamethyl and hexamethyl benzenes have been studied

in HF-BF3 solution "by MacLean and Mackor (4). Methyl resonances with respect to ben-

zene were identical for both ions within experimental error. After correction for ring

current disruption, these workers obtained the charge densities in Table IV. The re-

sults do not correlate at all well with the results of simple Huckel MO theory, but

Table IV
Charge Densities in Protonated Pentamethyl Benzene

Positive Charge Density

Compound Position HMR HMO T.Jheland and Mann(f=2.8)

ortho 0.22
0.16
0.25

0.333
0.000

0.333

0.243
0.129
0.256

can be correlated somewhat better by the pertubation method of Wheland and Mann ( 40)

.

Again a more uniform charge density distribution is obtained from the NMR data than
from Huckel or resonance theory. An Interesting study of some protonated azulenes in

trifluoroacetic acid has been carried out by Danyluk and Schneider (4l). They observed

that for protons 2 and 3 in the five-membered ring the chemical shift was only slight-

ly altered from the corresponding shifts in azulene itself, while the shifts for pro-
tons in the seven-membered ring were shifted as much as 1. 5 ppm to lower field. This

large shift could not be explained solely in terms of an effect due to the disruption

+ H-J? /Cr-v °^ "^e rinS current in the neighboring five-membered
ring. Applying the charge density correlation they
postulate that this large decrease in shielding and
near equivalence of the protons in the seven-membered
ring indicates significant derealization of the elect-

ron deficiency into this ring (4l). The following equilibrium is proposed in which
approximately 7C$ of the positive charge is delocalized into the seven-membered ring.

E. Carbanions: The chemical shifts of pentalenyl dianion and indenyl and fluor-
enyl carbanions have been evaluated by Schaefer and Schneider (21) . The results
correspond quite well to charge densities calculated by Huckel M0 theory. Sandel and
Freedman have reported a very interesting study ( 42) in which the electron charge
densities of triphenylmethyllithium, diphenylmethyllithium and benzyllithium have been
estimated by the chemical shift method. The results are summarized in Table V.

Table V
Charge Densities of Some Arylcarbanions

Compound

> 3C~Li
+

Position

ortho
meta

Electron Charge Density
KMR " SCF " HMO

+
<D2CH"Li

<DCH2""Li
+

meta
para

ortho
meta
para

0.00
•0.08

0.13

0.08
-0.07

-0.16

•0.12

-0.10

•0.18

0.05
-O.O6

•0.19

0.08
0.06
•0.23

0.14
0.07
-0.23

-0.08

0.00
-0.08

-0.10
0.00
-0.10

-o.i4
0.00
-o.i4

Apparently for the triphenylmethyl carbanion the meta ring positions bear more nega-
tive charge than do the ortho positions; and moreover, the distribution of charge is
much more uniform than would be predicted from either "Huckel M0 theory or resonance
theory. This is analogous to the results derived from NMR for triphenyl carbonium
ion. The distributions obtained from NMR data on charged species tends to suggest
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that Huckel theory is not sufficient to describe these compounds. Perhaps this is

due to the neglect of electron repulsion terms. The self-consistent field MO theory
of Pople seems to give "best agreement with experimental results in these cases, and

in fact Pople predicted in 195** that charge distributions in charged aromatic species

should be much more uniformly distributed than what was expected from Huckel MO
theory (43)

.

Carbon-13 NMR : A general discussion of carbon-lj nuclear magnetic resonance has

recently appeared (hk) . If chemical shift provides a measure of local electron charge

density on carbon in aromatic systems and of substituent effects on charge density, it

would certainly be expected that a pronounced effect would be manifested in carbon-13
chemical shifts. The major drawback to the employment of C13 NMR lies in the realm
of experimental difficulty. The practical necessity of using compounds containing
natural abundance C13 leads to a low signal to noise ratio in the spectra. Neverthe-

less it is quite possible to use carbon-13 NMR to obtain information about charge den-

sities in a manner similar to that reported for proton NMR.

Spiesecke and Schneider have reported C13 spectra of a series of monosubstituted
benzenes (10). Their data is given in Table VI. As in the case of proton NMR results,

Table VI
C13 Chemical Shifts in Monosubstituted Benzenes

(ppm relative to benzene)

Substituent ortho meta para

F +14.3 -0.9 +4.4
CI -0.16 -1.0 +2.0
Br -3.3 -2.2 +1.0
I -9-9 -2.6 +0.4
0CH3 +0.4.7 -0.9 +8.1
NH2 +12.4 -1.3 +9.5
N(CH3 ) 2 +15.7 -0.8 +11.8
CHO -1.2 -1.2 -6.0
N02 +5.3 -0.8 -6.0

the relative order of halogen shifts is opposite to that which would be predicted
qualitatively on the basis of inductive order. It is also observed that a plot of the
para C13 shifts versus Hammett's cy, gives a linear correlation of about the same de-
gree of accuracy as that reported for proton shifts (10).

Lauterbur has conducted an extensive series of studies on substituted benzenes
in which he has demonstrated that the effect of methyl substitution on the chemical
shift of ring carbons is an additive effect. From studies of toluenes (45), methyl
derivatives of phenols ( 46) , iodobenzene ( 47) , aniline and N,N-dimethylaniline ( 48)

and nitrobenzene (49), some generalizations can be made. Methyl substituent effects
in substituted benzenes as evidenced by carbon-13 chemical shifts are additive for
phenols, benzenes, anilines and nitrobenzenes except when two substituent s are ortho
to each other. A limited study was made on the additivity of methoxy substituent ef-
fects in anisole and some dimethoxybenzenes with the result that additivity was ob-
served except in the case where the two methoxy groups were ortho to each other ( 46)

.

The deviations from additivity in the case of ortho substituted N,N-dimethylanilines
and nitrobenzenes can be very reasonably explained in terms of steric inhibition of
conjugation of the substituent with the aromatic ring, lending support to the proposal
that chemical shift and electron density are related in aromatic systems.

Quantitative correlations of chemical shift and charge density have also been at-
tempted in C

13 NMR. In this case, the value of the empirical constant k has been est-
imated to be about l6o ppm/electron (3,5). These results agree with values calculated
from various molecular orbital methods with about the same degree of correspondence as
do the densities calculated from proton chemical shifts. The results obtained for
aniline and azulene are in Table VTl(see next page).

Fluorine-19 NMR : Current theories of fluorine-19 nuclear magnetic resonance chem-
ical shift predict that important contributions to the difference in fluorine shift
between similar fluorobenzenes occur from the electron charge density on the fluorine
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Compound

*2

Table VII
Charge Densities of Aniline and Azulene

Position C

ortho

:—K M0 Calc. Reference

+0.077 +0.081 2k
-0.011 -0.003
+0.062 +0. 06k

-0.023 -0.012 35
+0.061 - +0. 059
-0. 033 -0.0^6
+0. 041 +0.011
-0.038 -0. 031

atom itself (50) and from the electron charge density on the carbon atom to which
fluorine is bonded ( 5l) • Therefore, as would be expected, information on the electron
distribution in fluorobenzenes can be gained by employing fluorine -19 NMR. Early work
in this field was performed by Gutowsky, McCall, McGarvey and Meyer (52). These work-
ers observed the shift of fluorine resonance for various monosubstituted fluoroben-
zenes relative to fluorobenzene and found that a general correlation existed between
the chemical shifts obtained and the corresponding Hammett a parameters. It was also
found that the average deviation from additivity of shift per substituent was only of

the order of 0. 03-0. 06 ppm ( 52) . Taft and co-workers have made extensive studies of

substituted fluorobenzenes (53,5^,55,56,57,58) • In a study in 1957, it was found
that the chemical shift values of some meta substituted fluorobenzenes relative to

fluorobenzene itself could be correlated with Hammett' s crm , but could be correlated
even better with Taft ' s proposed ov reactivity parameter ( 53) • 0+ values are derived
from aliphatic series reactivities in which resonance contributions are considered to

be absent. They are proposed by Taft as being a measure of the inductive contribution
of a substituent acting through space or through the sigma bonds of the benzene system

(53). The cr reactivity parameter is then divided as follows: cfecr-j+cr^ where <xR is re-
garded as the resonance contribution to reactivity exerting influence only through
resonance interaction with the benzene pi- orbital s (53)« In addition Taft has de-

rived a series of reactivity parameters cr^. These parameters are evaluated from the
ionization and saponification of para substituted phenylacetic acids and phenylacetic
esters respectively where the substituents are electron donating ( -R) substituents
only (5^)« These parameters are proposed as a measure of resonance interaction of

the -R substituent for any system in which the para substituent is not in direct con-
jugation with the reactive center, i.e. , any system in which the substituent can enter

I>
into resonance interaction with the ring only ( 5^) • In the correlation line with cr-

it was noted that the chemical shift values for para substituted fluorobenzenes de-"

viated widely from the line but in a systematic manner. Para substituents lying above
the meta line were those which were electron withdrawing (+R) by resonance interaction,
and those lying below were for electron releasing ( -R) substituents (53)» If the de-
viation of these points from the meta line was plotted against Up, then a precise
linear relationship was obtained. An even better correlation was found for -R sub-
stituents when the difference in chemical shift between a given para substituted
fluorobenzene and the corresponding meta substituted fluorobenzene with respect to
fluorobenzene itself was plotted against cr^. An average deviation of +0. 05 ppm was
observed (5^)« This indicates that this difference can possibly be considered as a
measure of the perturbations in electron density detected by fluorine-19 resonance as
the result of resonance interaction of the para substituent with the fluorobenzene
ring. Therefore in a subsequent paper Taft proposed that in this special case F19

shielding could be interpreted as a linear function of the p_i-charge density of the
fluorine atom or its bonded carbon atom ( 55) • The excellent correlation of fluorine
shift for para substitution minus the corresponding shift for meta substitution with
cr has recently been used to determine values of this parameter for other SLtetLtuents (56).

Taft has also studied solvent effects in fluorine WMR and found that there is no
significant effect on -R substituents in fluorobenzenes relative to internal fluoro-
benzene but that +R substituents do show a susceptibility to solvent effects ( 57)

.
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The F19 resonance generally shifts to lower field with increased ability of the sol-

vent to support ionization (57) • For a series of seven fluorobenzenes with "chemical-

ly inert" meta substituents, Taft has also observed that shielding relative to inter-

nal fluorobenzene is solvent invariant within experimental error (58). These substi-

tuents were CH3,C6H5,H,Br,CF3,F,0CF3 and SF5 . This solvent insensitivity is not ob-

served in the para position ( 56)

.

Attempts have been made to utilize F19 chemical shifts for the quantitative cal-

culation of electron charge densities in fluoroaromatic compounds (59,-6o) hut with
somewhat less success than in the corresponding C and proton attempts.

Summary : There is a large amount of evidence to indicate that local electron

charge density on the carbon atoms of aromatic systems makes a sizeable contribution
to chemical shift in these systems. In the case of substituted benzenes, the para
position proton chemical shifts correlate well with such parameters as para carbon-13

chemical shifts, para fluorine-19 chemical shifts and Hammett sigma parameters. Each

of these depends to some degree upon local electron charge density as well as other
factors, but the correlation of all three types of shieldings at this position lends
support to the theory that electron charge density is an important factor in determ-
ining chemical shift at the para position. At the ortho position there are many un-
explained anomalies due possibly to such factors as the magnetic anisotropy of substit-
uents and electric field effects, but a reasonable correlation does exist between pro-
ton shifts in the ortho position and proton shifts in the para position. It is not
justifiable to attribute the observed correlation of chemical shift and electron charge
density solely to charge effects in the pi-electron system since an alteration in pi -

electron density would be expected to be accompanied by a polarization of the sigma
core also. At the meta position, the correlation of fluorine-19 shifts with Cj can be
interpreted as support for the dominance of sigma--electron density as the major factor
contributing to the chemical shift at this position. The greater magnitude of substit-
uent effects on the chemical shift at the ortho and para positions suggests that sub-
stituent effects at these positions are being transmitted mainly by resonance inter-
action through the pi-electron orbitals as would be predicted by qualitative resonance
theory. Although both effects are probably operative at all positions, it appears that
the dominant factor in the ortho and para positions is that of pi-electron density
while at the meta position sigma-electron densities may make a mare appreciable contribution.

A great deal of NMR data can be explained in terms of a linear correlation between
chemical shift and electron charge density in aromatic systems. The application of
quantitative calculations appears valid in some favorable cases where reasonable agree-
ment is obtained with the results of the more refined calculations of molecular orbital
theory. However in many other cases quantitative application is questionable due to
the presence of sizeable effects from other sources. This is especially true in the
case of heterocyclic molecules, large polycyclic molecules, molecules with magnetically
anisotropic substituents and in cases where "non-inert" solvents must be employed if
proton resonance is to be used. Until satisfactory methods of evaluating these ef-
fects are developed, the theory can be applied in a qualitative sense only.
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1,2-CIS ADDITIONS TO OLEFINS

Reported by ¥., A, Bernett December 2, 1963

Introduction - Electrophil.lc additions to double bonds nave generally been con-
sidered to be predominately stereospecifically trans (1) (2) (3) (k) - Growing evi-
dence indicates numerous instances however where els addition to doubLe bonds takes
place The purpose of this seminar is to review those cases where formal electro-
philic 1,2 -cis addition has been preponderant, and where a free radical process is

presumably not occurring,
Cis Additions of Halogens - Cristol, Stermitz, and Ramey have found that in con-

trast to bromine in petroleum ether which adds exclusively trans to acenaphthylene

,

chlorine adds exclusively cis in carbon tetrachloride, benzene, petroleum ether or

diethyl ether, either in darkness or with ultra violet illumination, to give cis -9,
10-dichloroacenaphthene , (l), (5) » However, yields in these reactions were low, ca ,

20/°, and isolation of other products was not reported , The
accumulation of HC1 during the course of the reaction indicates
that substitution products may also be found. In order to corrob-
orate the cis structure the trans isomer of I was prepared by re-
action of acenaphthylene with iodobenzene dichloride. Assignment
of stereochemistry was based upon a comparison of electric dipole
moments 1 2,97 and 2„Ch D assigned to the cis and trans isomers
respectively (6) „ Since the trans isomer is racemic while the cis
isomer is the optically inactive meso form, confirmation of the

structural assignments could be obtained by reacting each isomer with enough brucine
to convert one-half of it to 1-chloroacenaphthyene and then testing the remaining
dichloride for optical activity „ The cris isomer developed no significant rotation,
[a]g5 <+ 0.1°, while the trans isomer developed a rotation of [a] g

5 = -27° (5) .

de la Mare, Klassen and Koenigsberger, (7) (8)^ in studying the addition of chlo-
rine to phenanthrene in acetic acid observed the formation of:

+

±2$

nA.c

+

iki

The rate of chlorine addition was the same when the reaction was illuminated or when
the solutions were saturated with oxygen or nitrogen, The cis geometry of the di-
chloride was based upon the bimolecular rate constants for elimination with alcoholic
sodium hydroxide to form 9-chlorophenanthrene, wherein the "cis" dichloride showed a

rate constant at 0° of k2 = 3° 01 1. mole."'1 sec,"1 and the "trans" dichloride, obtained

from free radical chlorination, showed a rate constant of k2 = 0,002 1, mole,"1 sec," 1

at 60 o It was assumed that trans elimination of HC1 proceeded faster than cis elim-
ination in this case (5). Partial resolution of the cis and trans isomers with
brucine resulted in recovered dichloride with essentially no rotation in the case of
the cis isomer and a specific rotation of [cuj-r, = -11 for the trans isomer. Due to
the observation that the presence of added chloride ion did not decrease the amount of
substitution, based on the amount of HC.1 produced in the reaction, these workers felt

that the results could best be explained on the grounds of an intermediate a -complex,
(II) , rather than an intermediate carbonium ion. The o"- complex could a) ionize to an

ion pair followed by internal capture of the counter ion to give

mainly cis product, b) be attacked by acetate ion, or c) split

out HC1 to account for the other products (8). These workers in-

dicated that the 10$ of reaction products unaccounted for probably

contained at least some trans dichloride. The stereochemistry of

the chloroacetate was not established.
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The chlorination of cyclooctatetraene by sulfuryl chloride in chloroform, or by
chlorine in methylene chloride or carbon tetrachloride ^ and the bromination by bromine
in chloroform or methylene chloride (9) have been shown to lead to the dihalide (III)

(10) (11) (12). Typical yields are 78$, X = Clj 8k$>, X = Br. Attempts to establish
the configurations of the halogen atoms in III based upon dipole moments have been
controversial. ( 13) ( l4) ( 1.5) ° The halogen configurations appear however to have been
established on the basis of N.M.R. spectra (15)(l6) Georgian, Georgian and Robertson

(16) have determined the dichloride to have cis chlorine atoms, and. the dibromide to

have trans bromine atoms „ These conclusions are based on the N.M.R. spectra of the

dihalocyclobutane ~cis -l,2-dicarboxylic acids, (IV) , prepared by permanganate oxidation
of III. The dichloride (IV) was shown to exhibit a typical A3X2 pattern, possessing

^X

HOOC

HOOC

yX

X = CI, Br,

V
III IV

two 8-line multiplets centered at 5 5.46 ppm and 5 4 .18 ppm (100 Mcps) . Two pairs of

chemically equivalent protons would only be expected from IV containing a plane of
symmetry, i.e., the chlorine atoms cis to each other. The N.M.R. spectrum of the
dibromide (IV) exhibited four triplets, each for one proton (5 5»79> 5.16, 4.45 and
4„04 ppm) „ The marked differences in chemical shift demand that each ring proton be
in a different electronic and geometric environment, i.e., there are no chemically
equivalent pairs of protons, which can only be satisfied if the bromine atoms are
trans to each other (l6) . Allinger, Miller and Tushaus examined the H.M.R. spectra
of V prepared by catalytic hydrogenation (palladium on barium sulfate) of III, and
confirmed the trans assignment of the dibromide (15) . The spectrum of V exhibited an
octet centered at t 5° 76 PPm characteristic of a first order prediction for an ABXY
system. Georgian, et„ al, have suggested that electrophilic attack by halogen on
cyclooctatetraene may produce the halomium ion VI, and that the bromonium ion inter-

•Br

vr VII

mediate leads to the trans dibromide by usual backside bromine displacement, followed
by rearrangement of VII to III. However, they suggest that the cyclic chloronium ion
may not compete favorably with an alternative chlorocarbonium ion VIII, and propose
possible overlap between the rt-orbitals of the adjacent unsaturated centers and the
vacant p orbital at the cationic carbon atom yielding the valence tautomeric ion IX.

'CI

111111 L.l

VIII IX

Chloride ion attack on IX would result in the observed cis dichloride (16) .

Summerbell and Lunk have reported that the reaction of peroxide free p-dioxene
with chlorine in carbon tetrachloride leads to a product mixture of 61/0 cis - and 39$
trans-2,3-dichloro-p-dioxane , based on quantitative I.R. analysis (17). The "trans"
isomer could be partially resolved with brucine to give a specific rotation of
[a]p5 = -36 . The "cis" isomer following brucine treatment showed only a slight ro-
tation, which I.R. spectroscopy showed to be due to isomerization to the trans isomer,
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°1 . rrcl

+ CY
C1

o^ Nr^ci Nr ""ci

The operation of radical processes in the above chlorinations can not be excluded
with certainty. Poutsma has recently reported that in some cases the chlorination of

olefins in non-polar solvents can lead to a radical reaction which predominates over

the ionic process (l8) , He has suggested a molecule -induced homolysis to account for

the free radical reaction.
Addition of Acetyl Nitrate to Olefins - The chemistry of acyl nitrates has pre-

viously been reviewed (19) . However the statement that acetyl nitrate adds to olefins

to give cis addition products requires some modification (19) . Acetyl nitrate, formed
in situ from reaction of nitric acid and acetic anhydride,, in acetic anhydride -acetic
acid solution has been shown to react rapidly and with cis addition to cis - and trans -

2-butene (20), trans -1-phenyl propene (21), trans -stilbene (22) (23), and trans -a -

methylstilbene (22) . The principal product is generally the cis -f3 -nitro acetate
formed by Markownikoff addition of AcON02 to the double bond, the nitro group acting
as the cation, while smaller amounts of p-nitroalkenes and |3 -nitro nitrates are formed,

Bordwell and Garbisch reported a marked lowering of alkene reactivity upon substitu-
tion of C1-, Br-, AcO-, and j#C0- to the double bond, and a large increase on substitu-
tion of CH3-, suggesting ionic character for the reaction (20). Moreover, the retard-
ing effects of acetate and nitrate ions, and rate acceleration by sulfuric acid were
cited as evidence for an ionic type reaction. They proposed that the mechanism in-
volved a concerted cis addition of the protonated acetyl nitrate to yield the result-
ing p-nitro acetates. The reaction of trans -2-butene illustrates the nature of the
reaction:

CH3 .
v ^/-H

".C =C'' —

—

> CH3 - CH - CH - CH3 + CH3 - CH - CH = CH2H^ ^CHa
N02 oAc N02

33% 23/0

The major [3 -nitro acetate was shown to be the dl-threo form by conversion to the known
dl-threo-2-acetoxy-3-acetamidobutane. That acetyl nitrate does not add predominately
cis to all olefins was shown by later work of Bordwell and Garbisch, wherein cis - and
trans -1-p-chlorophenyl-l-phenylpropene, (X) , gave nearly equal amounts of both cis

and trans addition products ( 24) , and 1-phenylcyclohexene and
1-phenylcyclopentene gave as the major isomers that p-nitro
acetate formed by trans addition of acetyl nitrate to the double
bond ( 25) .

Addition of Dinitrogen Fentoxide to Olefins - Nitration
with dinitrogen pentoxide has been reviewed (19) . However, the

statement that N2 5 adds cis to olefins requires brief amplifi-
cation. The stereochemistry of the reaction of dinitrogen pent-
oxide with cis - and trans -2-butene , cyclohexene, (26) , and trans -

stilbene (27) has been studied in methylene chloride and found to lead to the nitro
nitrate expected from cis addition. The principal reaction product is the nitro
nitrate with lesser amounts of nitro alkenes and traces of nitrates being observed.
The reaction of trans -2-butene yielded 3-nitro-2-butyl nitrate, (XI) , whose refractive

CH3 , ,H

JP = C' > CH3 - CH - CH - CH3 + nitroolefins

N02 0N0 2 ~3l$
k&fo70

XI

index and infrared spectrum indicated that it was isomeric with the corresponding
compound from reaction of N2 5 with cis -2-butene. Based on the I.R. spectra neither
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isomer was contaminated by the other,, The nitro nitrates were reduced to the corres-

ponding amines and converted to the known erythro- and threo-3-acetamido-2-acetoxy-
butanes, the threo having arisen from the trans -2-butene and the erythro from the
cis-2-butene J26) . These results are accommodated by a cis addition of the N2 5 to

the olefin. Stevens and Emmons have proposed a cyclic transition state having a con-

siderable degree of charge separation, (XII), for this addition (26). The fact that
the nitro group is always found on the terminal carbon of an

5©© q a-olefin suggested to them that the carbon to which the NO3 is

o ,0—N^ attached is, in the transition state, electron-deficient.
\j/' V g© Addition of Hydrogen Halides to Olefins - Dewar and Fa'hey

\ / have reported the addition of deuterium, chloride and deuterium

s***j^> bromide to acenaphthylene (28) (29.) and indene (30) to give pre-
/ ® dominately the c_is adducts, (XIII) and (XIV) . The addition to

XII acenaphthylene was studied in pentane , methylene chloride, and
DOAc solvent system under a variety of conditions which indi-

cated that free radical addition was not taking place. In the case of DBr addition
to acenaphthylene the percent cis addition obtained varied from ik-JCffo

9
with less

polar solvents favoring more cis addition. The stereochemistry of the products,

(XIII) and (XIV), was based largely on N.M.R. analysis. In the case of the 1-bromo-

X - CI, Br

XIII XIV

2-deuterioacenaphthene the Cx-H proton shows the expected doublet due to coupling with
the C2-H proton. The cis assignment is based on the fact that J12 =6.8 cps agrees
closely with the theoretical value of J12 cis = 7 cps. The corresponding trans isomer
shows J12 = 2.7 cps and has a theoretical J12 trans = 2 cps (29) (31)° The theoretical
values are based on the variation of vicinal coupling constants with dihedral angle

(32). The stereochemistry of this deuteriobromide was also based on dehydrobromina-
tion with base and mass spectral analysis of the amount of deuterium in the acena-
phthylene recovered, it was assumed that HBr elimination was stereospecifically
trans since it had been shown (5) in the case of cis - and trans -1 ,2-dichloroa.cenaphthene
that trans elimination is 7^-0 times faster than cis elimination. It was suggested
that the results of these additions may be explained on the basis of an ion pair which
can collapse directly to the predominant els adduct^ or rearrange to the isomeric ion
pair followed by collapse to the trans adduct (30) .

XH .HX

X
X©'

I

H H
^ _J_ _ ^ I ©^

K ly ' \ ©. S H X
c— c <— c—c< x

c — c

// * '/
x© 7 \

XH'
X

HX

The reactions of bicyclo( 2.2.1) -2-heptene with hydrogen chloride and hydrogen
bromide lead to products which may have arisen by cis addition of the hydrogen halide.
Schmerling has reported that bicyclo(2„2.l) -2-heptene reacts with HC1 in n-pentane to
give a 75$ yield of 2-chlorobicyclo(2.2„l)heptane (33) to which Roberts, Bennett and
Armstrong have assigned the exo chlorine configuration, (XV), (3^). Roberts, Trumbull,
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Bennett and Armstrong also observed the addition of KQfo HBr to bicyclo(2.2.l) -2-

heptene to give the exo bromide, (XVI), in 77$ yield (35). The configuration assigned

to the halides, (XV) and (XVI), appears to be based on the rates of solvolysis, the

exo halides solvolyzing ten times faster than the endo halides in 80$ EtOH-20$ HOH

(3^). If one assumes that the bicyclo(2„2.l) -2-heptene is protonated exo in the re-

action, i.e., from the less hindered side of the olefin {%) , then these two cases

appear to be additional examples of formal cis addition.

XV XVI XVII XVIII

Since several more examples of cis addition to bicyclo( 2.2.1) -2-heptene will be
discussed it should be pointed out that the presumably ionic addition of bromine (37)
and p-toluenesulfenyl chloride (38) in carbon tetrachloride lead to products formed
from trans -1,2-addition to the double bond, (XVII) and (XVIII) respectively.

It is of interest to note that Skell and Hall have observed in the study of the
conditions for cis and trans Ex reactions in the 3-deuterio-2-butyl tosylate system
that the alteration of mechanism from nearly stereospecific cis elimination to trans
can be correlated with the basicities of the solvents employed (39)° The less basic
solvents favor cis and the more basic solvents trans elimination. Such elimination
reactions can be considered related to the reverse reaction of addition by the prin-
ciple of microscopic reversability (40) . This finding of Skell and Hall complements
the earlier mentioned observations of Dewar and Fahey on solvent polarity effects in
the addition of DBr to acenaphthylene . Also, observation that cis elimination of HC1
by alcoholic base in the 2,3-dichlorobicyclo( 2. 2.1) heptane systems occurs 67 times
faster than trans elimination, and that cis elimination of HBr from the corresponding
dibromide occurs 31 times faster than trans elimination, (hi) , is in accordance with
the postulated cis addition of HC1 and HBr to bicyclo( 2. 2.1) -2-heptene. These elimi-
nation studies also indicated that cis elimination was favored by less basic solvents.

Addition of Nitrosyl Halides to Olefins - The addition of nitrosyl chloride
(formed in situ from isoamyl nitrate and hydrochloric acid) in ethanol and acetic acid
to bicyclo(2.2.l) -2,5-heptadiene and bicyclo( 2. 2.1) -2-heptene has been studied by
Meinwald, Meinwald, and Baker (^-2). These compounds gave dimeric nitroso chlorides,
71% yield in the case of the diene (k-3) , which yielded the unrearranged a-chloroketones,
(XIX) and (XX) respectively, upon levulinic acid hydrolysis. Chemical evidence in-
dicated that the chloroketones had the 3-exo-chloro configuration. The dithioketal of
XX could be desulfurized to exo-2-chlorobicyclo( 2. 2.1) heptane, free of the endo isomer.
Chlorination of the sodium enolate of norcamphor gave a chloroketone identical with
that obtained from the nitroso dimer, wherein it is assumed that the attack of chlorine
is from the exo face of the norcamphor enolate ion (36) . Analogous results were ob-

XIX

[l^-J^Cl l^^J^t
NO

CI

XXI XXII

tained in the case of XIX following hydrogenation. Presuming that the nitrosyl

chloride adducts have the same stereochemistry as the exo-chloroketones , and assuming

an exo configuration for the nitroso group, since mechanisms involving attack by NO

or N0C1 would be expected to deliver the nitroso group from the less hindered side of





- 83 -

the olefin, Meinwald, et .al. , have assigned these adducts the cis-exo stereochemistry,

XXI and XXII respectively. It might also be expected that the stereochemistry of XIX

and XX could be determined by N.M.R. analysis. Based on the variation of vicinal
coupling constants with dihedral angle J34 = for the endo hydrogen and J34 =4.5 CPS

for the exo hydrogen would be predicted (32). The chloroketone XX showed a doublet
with J34 = k cps at t 6.2 ppm (kh) . However, its epimer, obtained from basic equili-

bration and v.p.c. isolation, had a C3~H proton doublet with J = 5 cps at t 5.7 ppm°

The latter doublet was subsequently shown by Meinwald and Meinwald to be due to a non-

bonded interaction between the C 3-H proton and the anti -C7-H proton (kk) . Upon re-

placement of the anti-7 proton with a methoxy group the endo-3 proton appeared as a

singlet at t 6.20 ppm, Nitrosyl bromide was found to also give an apparent cis addi-

tion to bicyclo(2.2.l) -2-heptene (k-2) . It was suggested by these workers that the

lack of structural rearrangement and apparent cis addition, as well as lack of in-

corporation of nucleophilic solvent, EtOH or AcOH, did not favor an ionic addition
mechanism. They proposed a four-center mechanism, with little carbonium ion character
developing in the transition state, (XXIII).

5®^0

•CIS©

XXIII

Addition of Methanol and Water to Olefins - Cristol, Seifert, Johnson, Jurale,
and Gaston have observed that the sulfuric acid -catalyzed additions of methanol, or
water in methanol, to endo-l,2-dihydrodicyclopentadiene, (XXIV) , take place to give
some products resulting from cis-exo addition (k6) (k

r

j) , In order to elucidate the

XXIV

CH30H,H2

H+

XXVI

mode of addition these workers studied the addition of deuterium oxide and 0-deutero-
methanol to XXIV as catalyzed by deuterosulfuric acid„ They felt that N.M.R. analy-
sis should distinguish between the addition of deuterium exo or endo . The N.M.R. of
the product alcohol corresponding to XXVI showed a doublet centered at t 6.07 ppm
with a coupling constant of J = 6.6 cps ascribed to the hydrogen on the carbinol
carbon atom, plus non-resolved absorption in the t 7.6 - 9-2 ppm region. The doublet
at t 6.07 ppm consisted of two broad halves with some subsidiary splitting of approx-
imately 1 cps. It appeared to Cristol, et. al. ,that the principal coupling, J = 7 cps,
was due to interaction between the C2-H hydrogen, and the C3-H hydrogen eclipsed with
it in XXVII (h6) , and that this coupling would be observed in XXVII and would not

XXVII XXVIII

appear in XXVIII. The ring deuterated methyl ether XXV obtained from the same re-
action showed a doublet at t 6 k ppm (J = 6.7 cps) „ To confirm these structural
assignments, the alcohol XXVIII was prepared by treatment of 5,6-endo-trimethylene-
2,3-exo-epoxybicyclo( 2. 2.1) heptane with LiAID4 , The N.M.R. of XXVIII gave a broad
singlet at t 6.02 ppm. XXVII was prepared by addition of BsDe to XXIV followed by
oxidation. This alcohol, (XXVII), showed a doublet at t 6,09 ppm (J = 6.9 cps).
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These results show that both the D- and CH30-$ and the D- and HO- add cis -exo, and

exclude the endo-protonated it -complex XXIX as a significant intermediate in the re-

action. These authors suggest either that one of the intermediates involved in the

addition is a. classical ion such as XXX or a non-symmetrical non-classical ion such

as XXXIs or that a cis addition four-center transition state XXXII is involved

XXX XXXI XXXII

which a carbonium ion is not developed . These workers also observed that treatment

of bicyclo(2„2ol) -2,5-heptadiene with methanol containing 10$ sulfuric acid gave a

mixture of the dehydronorbornyl methyl ether , (XXXIII) f
and the nortricyclyl ether,

(XXXIV) 9 in a ratio of 3.3s 67., while treatment with acetic acid containing 1$ sulfuric

©CH-

OCK-

XXXIII XXXIV

acid gave the corresponding exo acetates in the ratio of 2,5 s 75 ° These workers
postulated an endo protonated re -complex which would open trans, or a _cis addition
as accounting for the exo configuration of the unrearranged acetate and methoxy
compounds (k5) =

Oxymercuration of Olefins - The mechanism of oxymercuration has recently been
reviewed (4-7) » More recent work by Traylor and Baker has shown that in addition to
norbornene| dicyclopentadiene and benznorbonrnene are also oxymercurated exclusively
cis-exo (hQ) „ Structural assignments were based on N„M., R, and I«R„ spectroscopy as

HgO_,HgCl2

H2
Acetone

Hg(OAc)

H2
2 NaCl o& HgCi

+

HgCl

XXXV

well as chemical evidence. These authors have suggested that one of the ligands on

mercury is displaced by the norbornene system to form a. n -complex which is opened

from the front by ligand migration cr ion pair collapse. Such a formulation vould

explain the cis addition and the production of two kinds of products in the reaction

of XXXV (48) „ It was also suggested that cis addition occurs because of the strain

in this olefin system and also because of the low electronegai <

i
I y of HgX .
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OAc

;/e , Hg( OH2)

0QA.C

OAc

-Jjg(0*s)x-i

OH2

OAc

^S(OH2)x

:'_-_0a<

OAc

Hg(OH2 )x

OAc

Conclusions - The occurrance of formal electrophilic cis addition reactions
appears to depend on such factors as solvent polarity, nature of the addend , steric

hinderence, and carbonium ion stability
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BIOSYMHESIS OF tetracyclines and related compounds

Reported by Bruce M. Monroe December 5, 1963

Introduction ; The tetracyclines constitute a group of broad spectrum antibiotics

produced by certain members of the genus Streptomyces . These compounds are named as

derivatives of the parent compound tetracycline (TC) ( I) . The structures of the more

important tetracyclines as well as the numbering system are illustrated below:

CH3 CH3

COM.

I.

II.

III.

IV.

V.

VI.

Tetracycline ( TC)

Oxytetracycline ( OTC) [Terramycin]
Chlortetracycline (CTC) [Aureomycin]
Bromtetracycline (BTC)

6-Demethyltetracycline
6-Demethylchlortetracycline

s^ : ^^ ^WJ.lJ.4.^

OH ¥
E

5i Ik 52
-H -CH3 -H

-H -CH3 -OH
-CI ~CH3 -H
-Br -CH3 -H

-H -H -H

-CI -H -H

The chemistry of these compounds has been discussed (1,2). X-ray studies (3,4)
have confirmed the structural assignments originally made on the basis of chemical
and spectral evidence (5-7) , and the absolute configuration has been established (8).

The synthesis of 6-demethyl 6-deoxytetracycline has recently been reported (9,10).
Other synthetic work has recently been reviewed (11,12). This abstract will concern
itself primarily with the biosynthesis of these compounds.

Biosynthesis of the Carbon Skeleton : The proposal that many natural products
may arise from the condensation of acetate with itself was made by Collie (13) in

1907. This idea, largely ignored at the time, was expanded by Birch (l4,15) and by
Robinson (l6a) into the "polyacetate hypothesis" of natural product biosynthesis.
In 1955, before any experimental work had been published about the biosynthesis of
the tetracyclines, Robinson (l6b) proposed a polyacetate origin for oxytetracycline
( OTC) . He observed that the tetracycline ring system could plausibly be derived
from the intramolecular condensation of cyclooctadeca-l,3,5,7,9,H,13,15,17-nonone
(VII), a macrocyclic polyketone conceptually derived from nine acetate molecules.
The carbonyl groups would be derived from acetate carboxyl groups and the methylene
groups from acetate methyl groups. Formally, reduction of a carbonyl group followed
by cyclization and dehydration would give rise to the pentahydroxynaphthacene VIII
which could then be converted to the OTC molecule by suitable oxidations and reduc-
tions. It should be realized that these proposals are formal only and do not imply
any particular timing.

VII VIII

Early work with C14 labeled substrates tested the precursor efficiencies of a

number of likely biosynthetic intermediates for chlortetracycline (CTC) biosynthesis
(17). Starch-C14 uniformly labeled (13.7$ incorporation), D-glucose-6-C14 (14.5$),
sodium acetate-1-C14 (13$), sodium acetate-2-C14 (15$), glycine-2-C14 (52$),
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L-methionine-methyl -C14 (h&fo) , and D,L-serine-3-C14 (l8$) were found to "be more than
ICffo incorporated. Pentose sugars,, lactic acid, succinic acid, shikimic acid, and
glutamic acid, among others, were less than yl° incorporated.

Snell (l8,19) degraded labeled oxytetracycline ( OTC) obtained from acetate-2-C14

precursor. The activities of the degradation products were consistent with a poly-
acetate origin for the B, C, and D rings of OTC. However, since none of the reactions
in his degradation scheme allowed the direct counting of the A ring and carboxamide
group, this activity was obtained hy subtraction of the activity of the fragments ob-

tained from that of the labeled OTC. The A ring appeared to have somewhat less

activity than would be expected if it were derived from acetate. When glutamic acid-
2-C14 was employed as a substrate, only ^>.6fo of the incorporated activity was present
in the fragments derived from the B, C, and D rings. The rest of the activity, ap-
parently, was present in or on the A ring. Therefore, Snell concluded that the B, C,

and D rings arise from acetate and that glutamate is the precursor for the carboxamide
carbon atom and carbon atoms 2,3,^ and ka.

In a later paper Birch, Snell, and Thompson (20,21) repeated this work using
acetate-2-C14 . Labeled OTC was degraded by four reaction sequences: (l) Treatment
of OTC with methyl iodide in acetone gave tetramethyl ammonium iodide from the two
N-methyl groups. (2) Carbon dioxide derived from the carboxamide group was obtained
when OTC was heated under N2 with 12N-H2S04 . (3) Kuhn-Roth oxidation of OTC gave
acetic acid containing the C-methyl group and atom C-6. Conversion of this to the
lithium salt followed by pyrolysis yielded C02 from atom C-6 as well as acetone.
Carbon dioxide from the C-methyl group was obtained by conversion of the acetone to
iodoform followed by oxidation. (K) Treatment of OTC with hot NaOH solution and zinc

(CH3 ) HI
4

<
CH3I

CO;

CO; +

XIi

CrO<
->

& C0M2 ( 3)

CH3-C02H

'H H

*
v

<
12M H2S04

'

(2)

CH2-C02H

CH3

85$ H3P04

C02+CH3-C-CH3

Li OH,
A
NaOI

->CHI3—>C0£

na 12
CH2-C02H

£-CH
:

ca.ii

IX

The latter com-
a rearrangement

labeled atom according to the polyacetate hypothesis

gave terra cinoic acid (IX) and 7-hydroxy-3-methylphthalide (X)(5).
pound was converted to its acetate ester (XI). Terracinoic acid,
product which had been previously characterized (5), was decarboxylated by treat-
ment with 85/0 phosphoric acid under reflux. Carbon dioxide from atom C-ll and decar-
boxyterracinoic acid (XII) were produced. This scheme allowed C-6 and C-ll to be
counted individually which allowed a direct test of the polyacetate hypothesis since
C-6 is postulated to arise from the methyl group and C-ll from the carboxyl group of
acetate (cf . VII)

.
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The relative molar activities (r.m.a.) of the degradation products were deter-
mined. Relative molar activity (r.m.a.) is defined as the molecular weight of the

fragment times the number of counts per 100 sec. for an infinitely thick sample of

1cm2 cross-sectional area and is, thus, linearly proportional to the molar specific

activity. Assuming the polyacetate hypothesis, a set of values for the contribution

to the r.m.a. of each degradation fragment from a carbon atom arising from acetate
methyl, acetate carboxyl , and the Cx pool can be obtained. The Ci pool gives rise to

the H-methyl and C-6 methyl groups (see below). The r.m.a. contributions which give
the best fit are; (l) contribution from a carbon atom derived from acetate carboxyl

-

.^xlO3 , (2) contribution from a carbon atom derived from acetate methyl-4.1xl03 , and

(3) contribution from a methyl group from Cx pool~.3xl03 . The relatively high ac-
tivity found in acetate carboxyl and the Ci pool is due to the involvement of labeled
acetate in various metabolic cycles such as the tri-carboxylic acid cycle. The meas-
ured activities of the degradation products as well as those calculated from the above

values are given in table I. The expected activities of the fragments are in close
agreement with the activities actually obtained. By difference the activity of the

6 carbon atoms of the A ring is found to be 13.7xl03 . Assuming that the A ring
arises from three acetate units, its calculated activity is i3.5x.lO3 . In summary,
this experiment supports a polyacetate origin for the entire OTC molecule including
the A ring.

Table 1 - Relative Molar Activities for OTC Degradation Fragments

Measured R.M.A.xlO Calculated R.M.A.xlO

te,,2 h2&
k,.0 k.l
>3 H

18!.7 18.3
27..1 27.3
26,,4 27.0
4,>3 k.h

1 • 3 .3

«.5 .6

i.6 • 3(?)

OTC
C-6 (from acetate methyl)
C-ll (from acetate carboxyl)
7-acetoxy-3~methyiphthalide ( XI

)

terracinoic acid ( IX)

decarboxyterracinoie acid (XII.)

acetic acid
C-methyl group
(CH3 ) HI
carboxamide group

Gatenbeck (22), observing that the activity of the carboxamide group was higher
than might be expected from scrambling of label in metabolic pathways, repeated the
work and obtained the same high activity in the carboxamide group. Therefore, he
proposed that there was an alternate pathway of incorporating acetate or possibly
CO2 derived from its oxidation. When unlabeled succinate, citrate, and glutamate
respectively were used as competitive substrates with C14 acetate, the ratio of the
activity of the carboxamide group to that of the OTC formed varied by less than 3$»
Thus it appeared that none of these compounds was preferentially used in the form-
ation of the carboxami.de group or any part of ring A. When HaHC14 3 was added to the
fermentation, the OTC obtained contained 90$ of its activity in the carboxamide group.
This indicated a carboxylation reaction involving C02 . This path provides an altern-
ative explanation for Snell's observation that labeled glutamate gives rise to OTC in
which the activity is located mostly in or on the A ring (19) since glutamate is
known to be readily converted to cc-ketoglutarate , an intermediate in the tri-carbox-
ylic acid cycle (23a). The tri-carboxylic acid cycle oxidizes intermediates to C02
and water by a repeating series of reactions (23b). Thus, the 2-C14-glutamate used
by Snell could easily have led to OTC in which the activity was present in the car-
boxamide group. This proposal could readily be tested experimentally.

Gatenbeck further proposed that tetracycline biosynthesis is related to fatty
acid biosynthesis, the steps of which have recently been worked out (2k). The first
two steps are shown below:

CHa-^-S-CoA + C02 + ATP

XIII

-> CH0-C-SC0A + ADP + iP

XIV





C02H

CH3-C-SC0A + CH2-C-SC0A
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^> CH3-C-CH2-C-S-CoA + CoA-SH + C0£

XIII XIV XV

Malonyl CoA (XIV) is formed from acetyl CoA (XIII) by a carboxylation reaction.

Then acetyl CoA condenses with malonyl CoA to form the four-carbon'keto-thioester
(XV). After reduction of the carbonyl group the thioester condenses with another
molecule of malonyl CoA to form a six-carbon chain and the process is continued until
long chains are built up in which the terminal two atoms are derived from acetate and
the rest of the chain from acetate via malonyl CoA. The reaction can be viewed as

the condensation of malonyl CoA initiated by acetyl CoA. This proposal provides a

specific pathway for the earlier proposals of Collie, Birch, and Robinson, Gateribeck

(20) further proposed that in OTC biosynthesis the condensation is initiated by mal-
onyl CoA or its amide rather than acetyl. CoA. Thus the carboxamide group would arise
from C02 via a carboxylation of acetyl CoA to form malonyl CoA. Molecules of C02
taken up by the other molecules of acetyl CoA to form malonyl CoA would be lost during
condensation so that the carboxamide carbon atom would be the only remaining atom de-
rived from C02 left in the molecule. Figure XVI, while not proposed as an actual
intermediate, illustrates the concept.

To test this hypothesis, carboxyl labeled malonic acid was used as a substrate.
The carboxamide was found to contain 10-20$ of the total activity of the isolated
OTC. It can be seen from Fig. XVII that ten atoms of the OTC molecule are predicted
to arise from the carboxyl group of malonic acid (starred atoms). The carboxamide
group is predicted to contain 10$ of the total activity.

It should be pointed out that one possible mechanism of carboxylation, namely
carboxylation of some intermediate in the biosynthetic pathway, has not been defin-
itely ruled out by the information thus far reported. Labeled C02 arising from the
decarboxylation of malonic acid in the condensation step could be taken up in a

carboxylation step to give a relatively high level of activity in the carboxamide group.

COOH COOH COOH COOH

S-CoA

COOH

C0WH2

XVII

The isolation and characterization of a group of 2-acetyl-2-decarboxyanridotetra-
cyclines (XVIII-XX) (25-26) from the fermentation broths of several mutant strains led
Miller and Hochstein (26) to conclude that tetracycline biosynthesis is related to
fatty acid biosynthesis. They proposed that acetyl CoA acts as the primer in the bio-
synthesis of these compounds with the rest of the molecule formed via malonyl CoA.
Figure XXI, while not proposed as an actual intermediate, illustrates the concept.
However, no experimental work has been done to verify this hypothesis.

COOH COOH

S-CoA

8

og ogog ogo
H H H H

-R -R'
XVIII 2-aeetyl-2-decarboxyamidotetracycline -H -H
XIX 2-aeetyl-2-decarboxyam.idooxytetracycline -OH -H
XX 2-acetyl-2-decarboxyamido-7-chlorotetracycline -H -CI

XXI
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Biosynthesis of the Methyl Groups : Birch and co-workers (20,21) used C14-methyl
methionine (XXII) as a precursor. All of the activity of

the resulting OT'C was present in the three methyl groups
which indicated that they have a different biosynthetic
origin than the rest of the molecule.

Mutant strains have "been isolated which produce 6-

demethyltetracyclines (V-Vl) by some pathway in which C-6
methylation is omitted (27). "Normal" strains will also

produce the 6-demethylated compounds if they are grown in the presence of aminopterin
(XXIV) or ethionine (XXIII), although growth is greatly retarded (28). Aminopterin
is a structural analogue of folic acid (XXV) and is known to inhibit the conversion
of folic acid into its functional derivatives (25c). Ethionine, due to its structural

similarity to methionine, might be expected to inhibit methionine utilization. Ethi-

R-S-CH2-CH2-CH-C00H
NH2

R
XXII Methionine -CH3
XXIII Ethionine -CH2-CH3

Q
COOH

i ? (CH2)

COOH

XXIV Aminopterin

XXV Folic acid

R

-M2

-OH

onine inhibition can be reversed by the addition of excess methionine (28). Many
sulfonamides also cause "normal" strains to produce demethyltetracyclines (29,30).
This effect can be reversed by the addition of p-aminobenzoic acid, folic acid, or

methionine. This evidence strongly suggests a folic acid dependent Cx transfer (3l)

from a Ci source such as methionine or serine. However, no attempt to isolate folic
acid dependent enzymes from the tetracycline producing organisms has been reported.

Intermediate s in the Biosynthetic Pathway: McCormick, Johnson, and Sjolander
have fed several 1,3,10,11,12 pentahydroxynaphthacene-2-carboxamides (XXVI-XXIX) , pre-

pared by degradation of various tetracyclines, to a group of non-producing mutants

(32,33)- Kie use of either a chlorinated precursor or a chlorinating mutant led to
a chlorinated tetracycline while non-chlorinated tetracyclines were obtained only

I! T?|

COM;

-R -R' -R"

XXVT -H -H -H
XXVII -H -CH3 -H
XXVIII -N( CH3) -CH3 -H
XXIX -N(CH3 )

2 -H -CI

from the use of a non-chlorinated precursor and a non-chlorinating mutant. However,
6-methylated tetracyclines were not formed from 6-demethylated precursors even though
mutants derived from methylating strains were used. These observations indicate that
the C-6 methyl group is introduced before formation of the tetracyclic amide and that
chlorination takes place after its formation. It was also noted that the percent
conversion was much lower when the demethylamino compounds (XXVTII and XXIX) were
used. Addition of methyl labeled methionine to the fermentation containing the di-
methylamino compounds resulted in extensive incorporation of label into the dimethyl

-

amino group. This exchange has not been observed in a somewhat similar system, the
biological rehydration of 5a,6-anhydro-7-chlorotetracyclines to chlortetracycline
(CTC)(see helow) . Therefore McCormick concluded that XXVUand XXVI (or their enzyme
bound equivalents) are intermediates in the biosynthesis of the 6-methylated and 6-

demethylated tetracyclines respectively, but that XXVIII and XXIX were not. The
latter two compounds, however, were accessible to the biosynthetic pathway by loss
of the dimethylamino group.

The conversion of XXVTI to CTC is of interest since all five assymetric centers
are generated in their proper configuration. Further, the similarity of XXVI and
XXVII to the intermediate originally postulated by Robinson (VT) is notable (lob).
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S. aureofaciens

COBHa

CI C
CH3 CH<

->
COM;

OH

.XXVII

OH

CTC (III)

1,3, 10,11, 12-pent8hydroxymphtacene-2-carhnxBjmide (XXVI) was prepared synthetic-

ally (33) by the condensation of 3-hydroxyph1haIic anhydride (XXX) and 1,3-dihydroxy-

5, 8-dimethoxynaphthacene-2-carboxami.de (XXXl) followed by redaction of the resulting

naphthaceneq.uinone (XXXIl). This sequence in connection with the microbiological
conversion represents a potential chemical-biological route to new tetracyclines.

+ AI.CI3 NaCl
>

COEH2
200 C

XXX

OCH3 OH

XXXI

HI KH2P02 XXVI

COM; 125°C
>

OH

XXXII

Several of the more readily available degradation products of the tetracyclines
have been examined for precursor activity, but only the 5a,6-anhydrotetracyclines
( XXXIIl) have shown significant activity ( 57) • These compounds are biologically
reconverted to tetracyclines in yields as high as 75$ <> Formally the conversion in-

volves the addition of a molecule of water to the 5a >6 double bond followed by two
keto-enol tautomerisms. The rehydration is accompanied by C-5 hydroxylation when
OTC producing strains are used with a non-chlorinated precursor, but chlorinated pre-
cursors are not rehydrated by OTC producing strains. C-7-chlorination, C-6-methyl-
ation, and 12 -a hydroxylation are not observed to accompany this process. Dedimethyl-
amino and il-~ep±-tetracyclines were not reconverted,, indicating that perhaps the pres-
ence of a dimethyiamirio group in the proper configuration is necessary for reconversion.

CH3 CH3

XXXIIl
R = H or CI
R ! = H or CHo

OWH;

XXXIV

From the fermentation broth of a mutant strain a compound identified as 7-chloro-
5a, lla~dehydr©tetracycline (XXXIV) has been Isolated (35,36). This compound differs
from CTC in that it possesses a 5a .,11a double bond, apparently the remnant of an aldol-
like ring closure which produced the junction of the B and C rings. 7-^hlor tetra-
cycline and 7-chloro-6-demethyltetracycline producing strains converted this compound,
to CTC in 20 to k(fl> yield by reduction of the 5a, 11a double bond (37,38).

On the basis of these results McCormxck and co-workers have concluded that the
last two steps of tetracycline biosynthesis involve an apparent rehydration of the
5a,6-ahhydrocompounds or their enzyme bound intermediates. This conversion proceeds
via C-6 oxidative hydroxylation of the anhydro compound to the

;

:>a,lla dehydro com-
pound followed by reduction of the 5a, 11a double bond (3k). In the case of 5-
hydroxytetracyclirj.es (i.e. OTC) C-5 oxidation also takes place at this time.

Scott and Bedford (39) have simulated the aforementioned oxidation-reduction
pathway by the photo-oxidation of 5a , 6-arihydro 7-chlorotetracyeline (XXXV) to the 6-

hydroperoxide (XXXVI) followed by catalytic hydrogenation to 7-chloro-5a,lla-dehydro-
tetracycline (xXXIV) . The latter conpound has been reduced to tetracycline ( TC) by
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catalytic hydrogenation (35)

•

CI

QH3 PE3

in .25* benzene
solution

CH3 CH3

fiourescent
irradiation

>
H,

=£>
Pd-cr xxxiv

CONH;

xxxv

OH H

XXXVI

Halide Incorporation into the Tetracycline Molecule: Halide ion is not necessary
for the biosynthetic process. In the absence of halide ion, haiogenating strains pro-
duce the unhalogenated compounds at the same rate as the halogenated tetracyclines
are produced in the presence of halide ion (40,4l). Kollar and Jsr-ai have found that
the chloride of certain ehloro-fatty acids can be utilized for chlor tetracycline
( CTC) formation and suggest the possibility that, in the early stages of biosynthesis,
some chlorinated compound of low molecular weight resembling a chloro-fatty acid may
be an intermediate (42,43)° However, this speculation is not in agreement with the
aforementioned observation of McCormick that the halide atom is attached after the
formation of the tetracyclic amide and before the final oxidation reduction (32,3^0°

Two classes of haiogenating strains have been described (40,4l)„ Class I util-
izes chloride at a rate independent of the chloride ion concentration of the medium
over the concentration range 0~30meg./l. until all the chloride has been used up.

Exhaustive utilization of chloride by these strains is the basis for a novel analyti-
cs,! method for the microbiological determination of small amounts of chloride ( 44)

.

Class II utilizes chloride at a rate dependent upon chloride ion concentration over
the range 0-25meg./l. At 25meg./i« a limiting level of CTC production is reached.
In the absence of chloride ion Class I strains Incorporate bromide ion to produce brom-
tetracycllne (BTC)(lV) although the level of halogenated product is reduced (40,4l,

45^46). For a typical strain the total antibiotic production remains unchanged in
the presence of bromide ion but the product- mixture varies from 91^° CTC-9$ TC to 31$
BTC-69/ TC (kl) . Class II strains do not incorporate bromide ion to produce detect-
able levels of BTC. In the presence of chloride ion, bromide ion acts as a competi-
tive inhibitor to chlorInation in both classes and no detectable level of BTC is pro-
duced o Fluoride, Iodide, and thioeyanate ions also act as competitive inhibitors,
the order of inhibition for the halogens being Br"*>F^>I~ (4l,47). No incorporation
of fluoride, iodide, or thioeyanate ions into a tetracycline molecule has been ob-
served. Perchlorate,, chlorate, iodate, and bromate Ions are neither utilized nor do
they interfere with CTC synthesis ( 46)

.

It has beer proposed (4l) that the independence of total tetracycline production
and halide concentration requires that halogenation occur after the over-all rate
limiting step in biosynthesis „ It is further suggested that Class I strains have many
more times the haiogenating capacity than. Class II strains, apparently due to a dif-
ference in concentration of the haiogenating enzyme. Due to decreased haiogenating
capacity Class II strains would be expected to produce BTC at a level undetectable by
the analytical methods used.

Many compounds, some of which are the same as or similar to antithyroid agents,
have been found to inhibit chlorination ( 48) . Of a large number of heavy metal ions
tested for their ability to reverse inhibition only cuprlc and silver ions have been
found effective. Silver ion seems to have no metabolic function but presumably inter-
acts with the inhibitor. However, adding cupric ion to a fermentation containing
bromide but no chloride ion or inhibitor increases the BTC yield at a rate dependent
upon the cupric ion concentration strongly suggesting a specific metabolic role for
copper ion in the biochemical halogenation, perhaps in a copper-containing oxidase.

^os^vjrtjiesis of Related Co^Eounds: There are a large number of natural products
produced by various Strept-omyces strains which are similar to tetracyclines (49-51).
This group includes the pyrromycinones, the rhodomycinones, and the quinocyclines.
All these compounds have an ethyl group attached to the A-ring (XXXVTl). Labeling
experiments with e-pyrromycinone (XXXVTl) are consistant with a propionate origin for
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the ethyl group and the ring carbon atom to which it is attached and a polyacetate

origin for the rest of the molecule ( 52)

.

2CH3
OH

COOH COOH COOH
SCoA

-CH<

C00&

CH2 -CH3

COOH

XXXVII €-pyrromycinone

In view of the relatively small number of pathways and reactions with which liv-
ing systems can synthesize a wide variety of compounds as well as the well established
polymalonate origin of fatty acids, it is reasonable to postulate that the formation
of the carbon skeleton of tetracycline s, 2-acetyl-2-decarboxyamidotetracyclines, and
the aforementioned related compounds proceeds by similar biosynthetic pathways, namely
the condensation of molecules of malonyl CoA (22,26). Structure XXXVTII, while not
proposed as an actual intermediate, illustrates this concept for 6-pyrromycinone.
(of, XVI and XXI). Only the terminal groups and number of malonate units in the chain
vary for these different compounds. Malonyl CoA can be imagined as th** primer for
tetracycline biosynthesis, acetyl CoA the primer for 2-acetyl-2-decarboxyamidotetra-
cycline biosynthesis, and propionyl CoA the primer for e^yrromycinone ana related
compounds*
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THE REACTIONS AMD STRUCTURE OF ECHITAMINE

December 9, 19&3

Echitamine, the principal alkaloid constituent of the hark of

alstonia scholaris was first isolated by Gorup Besanez (1) as its chloride. Echita-
mine was also extracted from other Alstonia species (2). The bark of Aflstonia scho -

laris had been employed as an antimalarial drug since the XVII century ( 3) . Pharma-
cological studies by Chatterjee and Pol (k) showed that echitamine had fairly high
toxicity and that it lowered the blood pressure of experimental animals.

Initial Chemical Investigations ; Between 1875 and 1880 Jobst and Hesse (3) and

Harnack (5) also isolated and investigated echitamine. The empirical formula C22H29
N2 4C1 was proposed in 1880 by Hesse for echitamine chloride (6), In 192.5 Goodson
and Henry (7) confirmed this formulae They also proposed that echitamine chloride

had an indole nucleus, since one of the products of the distillation of echitamine
chloride with alkali gave indole color reactions. The ready formation of demethyl-
echitamine, C21H26N2 4 , by hydrolysis of echitamine was interpreted to indicate that
the alkaloid was a methyl ester,

In 1957 Birch, Hodson and Smith (8, 9), and Godvindachari and Rajappa (10, 11, 12)

reported further studies of echitamine and its degradation products, Echitamine
chloride was found to be a quaternary salt, rather than an hydrochloride, by its lack
of titerability upon potentiometrie titration with sodium hydroxide (10) „ It was
found to contain one C-methyl, one N-methyl, and one 0-methyl. Echitamine was found
to have infrared bands at 3290 cm" 1 (OH), 3155 cm-1 (NH) , 1728 cm"1 (ester carbonyl)
and 78O cm"1 (o-substituted benzene) , The ultraviolet spectrum showed indole like
absorption at 235 and 295 *nn° Ozonolysis gave acetaldehyde, showing the presence of
an ethylidino group. Catalytic hydrogenation of echitamine chloride with platinum in
ethanol proceeded with the uptake of one mole of hydrogen to give a reduction pro-
duct that showed an additional C-methyl group and yielded acetaldehyde on ozonolysis.
Further hydrogenation with the uptake of another mole of H2 gave a product that
yielded no acetaldehyde after ozonolysis. The formation of a methyl group without
reduction of a double bond led both groups to propose that hydrogenolysis had occurred
in the first reduction at an allylie C-N bond to form base A, while further hydro-
genation reduced the double bond. From ultraviolet absorption results both groups
concluded that echitamine chloride was a substituted dihydroindole containing the
eserine, I (13, 14) , system N -C-K,, since echitamine chloride continued to give
indole absorption even in strong acid and this behavior was similar to that of foli-
canthine (15) > an alkaloid containing the eserine system which showed a similar ultra-
violet spectrum. It was assumed that the formal positive charge on N^ reduced the
basicity of N , so that N did not protonate and an indole like absorption spectrum
was obtained m acid medium. In acid medium folicanthine did show a hypsochromic
shift of 10 mu- with respect to its spectrum in neutral medium, a shift assumed to be
caused by the nearness of the formally positively charged N^ to Na . However echitamine
chloride did not show such a shift, while base A did. (Table I)

CH30
1 II CH3

1

I CH3 CH3
II

Distillation of base A with zinc dust yielded a crystalline base, C13H12N2 which
was identified as l'-2-dimethylpyrrolo(2 l ,3' -3^)quinoline , II (9>i©)« From these re-
sults Birch proposed partial structures III for echitamine chloride and IV for base
A (9).
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N"—-CH2-C=CHMe

"e in

CH3-C=CHMe

IV

Table I

Ultraviolet Absorptions for Echitamine and Some Derivatives

Substance

echitamine

echitinolide (base A)

isoechitinolide

diacetyl dihydroechitamine

echitinolidemethine

desoxiisoechitinoli-
dernethine

Solvent

petrol 227
EtOH 235
EtOH 247
EtOH/HCl 237
EtOH 247
EtOH/HCl 237
EtOH 251
EtOH/HCl 24l
EtOH 245
EtOH/HCl 240

EtOH or EtOH/HCl 247

X max m[i (log 6 max)

(4.00)

(3-93)

(3.94)

(3.85)

(3.94)

(3.89)

(3.85)
(3.88)

(3.92)

(3.88)

(3.97)

283

295
310
295
307
295
308
297
307
297

(3.37)

(3.55)

(3.54)

(3.47)

(3.57)
(3.48)

(3.45)

(3.45)

(3.52)

C3.47)
307 (3.59)

Ref.

17
32
32
32
32
32
17
17
32
32
32

Proposed Structures ; The first complete structures for echitamine and some of its

degradation products were proposed by Conroy, Bernasconi, Brook, Ikan, Kurtz and
Robinson in i960 (16), on the basis of a postulated alkaloid biogenesis and some
further chemistry. A methyl-"^-strychnine skeleton was adopted for echitamine, V,
and echitamine chloride, VI. The presence of 0-methyl, N-methyl and allylic C-methyl
in echitamine was confirmed by NMR. The position of N-methyl at T1

, 7.76 PPm, normal
for tertiary nitrogen, proved that echitamine was not a quaternary hydroxide. Re-
action of echitamine chloride with potassium t-butoxide and t-butyl alcohol yielded
alloechitamine VII, CjaiHpgNgOtt. Th^Ls easy removal of one carbon (dealdolisation) was
evidence for the presence of H0CH2-C-C00Me in echitamine. Alloechitamine showed a

ketonic carbonyl absorption at 1689 cm x in addition to the ester carbonyl at 1736 cm~^
and no hydroxyl group present. There was little change in ultraviolet spectrum as
compared to echitamine, and NMR showed the O-Methyl, N-Methyl and ethilidino groups
still present.

N-Me

MeOOC

d—Me

VII

N-Me

VIII
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Catalytic reduction of echitamine or echitamine chloride with uptake of one mole

of hydrogen gave in high yield a product, C21H26N2 3 , which was named echitinolide,

VIII, Echitinolide was supposed to be a lactone and to be the same as base A obtained

by Birch (9), The lactonization, sterically impossible in echitamine, became possible

with the breaking of the C-l^ allylic bond during hydrogenolysis. The proposed struc-

ture was supported by analysis showing two C-methyl groups and no carbomethoxy group,

and by infrared, which showed sharp OH and NH absorption and a carbonyl peak at

17^2 cm" 1
. NMR distinguished &*methyl (singlet -T- , 7.53 ppm) ,/tf-methyl (singlet -T-,

7.76 ppm) , and a second C-methyl (doublet at ^ , 8.48, J = 6.6 cps)

.

Upon heating in 2N hydrochloric acid echitinolide, VIII, formed an isomer, iso-

echitinolide, IX. The disappearance of the ethylideno group, as evidenced by the lack

of volatile products after ozonolysis, and the lack of an hydroxyl band in its infrared

spectrum indicated that an acid catalysed cyclisation had occurred to form a cyclic

ether.

N-Me

IX

The structures proposed by Conroy lack the eserine group, the presence of which
had been proposed by Birch (9) and Godvindachari (10,12) „ Conroy explained the lack
of protonation at N by steric hindrance and questioned the interpretation of the

hypsochromic shift m acid since echitamine chloride did not show such a shift.

Conroy's explanation for the hypsochromic shift as occurring in echitinolide, VIII,
and other echitamine derivatives was that in acid medium an imminium ion such as X
was formed reversibly, so that the configuration of the six member carboxylic ring
changed, thus shifting Ha from an axial (longer wavelength) to an equatorial (lower
wavelength) position. No evidence or analogies were given by Conroy in support of
this proposal.

In answer to Conroys proposals Birch (17) reported that 2,6-dihydroakuammicine,
XI, with much the same order of steric hindrance as structure V for echitamine gave
benzenoid ultraviolet absorption in 0.„5 N hydrochloric acid (18). Supporting evi-
dence for the connection between the ultraviolet absorption and the number of carbon
atoms separating two nitrogen atoms was provided by Godvindachari and Rajappa (19)

.

They reported that ajmaline, with two carbon atoms separating the nitrogens, showed
indoline absorption in 0„1 N acid and benzenoid absorption in 5 N acid. Hemitoxi-
ferine-I (20) where the nitrogens were separated by three carbon atoms showed benze-
noid absorption at both concentrations.

COaMe

N(Me)

XI XII

On the basis of Conroy's structure for echitamine the Hofman degradation of
echitinolide should give the unique methine XII. However Birch reported that two
isomeric products were obtained. The ethilideno group was not involved since Hofman
degradation of dihydroechitinolide also gave two isomers (17) . Birch also hydro-
genated di-O-acetyl echitamine to a di-0-acetyl base, C26H34N2 6 , where the carbo-
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methoxy group was still present. This base was hydrolized to echitinolide by dilute

methanolic sodium hydroxide at the boiling point and should have structure XIII.

However, although a reversible shift in configuration in acid similar to that pos-

tulated by Conroy was not possible for this base, it also showed an hypsochromic

shift (17, see table I) . Moreover the structures given by Conroy did not seem to

explain the lack of reactivity of echitinolide and isoechitinolide towards reduction.

CO^Me XIII
OAc

H COaMe CH2OH

XIV Rx - OH, R2 - H

XV Rj. - H, R2 - OH

In the same year another structure for echitamine chloride was proposed by
Robinson, Chakravarti, Chakravarti and Ghose. The initially proposed structure XIV,

(21) was later changed to XV (22) . Both structures were obtained by comparison with
other alkaloids such as ajmaline and akuammicine. The authors preferred XV on the

ground that echitamine reduced Fehling's reagent, while ^/-strichnines, similar to

Conroy 's proposed structure V, did not. Structure XV, formulated after Conroy'

s

evidence of echitinolide being a lactone appeared, also could account better for
Chatterjee's finding that oxidation of echitamine by periodic acid yielded indole-3-
acetaldehyde (23). Since these structures differ from Conroy 's only in the position-
ing of the hydroxyl group, the same criticism of Conroy ! s structures as made by Birch

(17) applies to them.

Structure XVI was proposed by Chatterjee, Ghosal, and Majumder in i960 (23) . A
former study of echitamine (2k) had shown that it formed an adduct with tosyl chloride
Since periodic acid oxidation of echitamine yielded indole -3 -acetaldehyde , the authors
deduced that a pyrrolidino indoline nucleus was present with a )>CHOH group <£Cto the
indoline. Notwithstanding this and other evidence, such as lack of nitrosation of
echitamine (25), it was pointed out by Birch that the likelihood of the presence of
tertiary Na was small since, because of the positive charge on 11 , it would not be
expected to form a carbinolamine eight membered ring. The failure of nitrosation at
Na could perhaps be explained by the closeness of Na and positively charged N^.

Thus \>y the end of i960 no generally agreed upon structure for echitamine had
been proposed CH2OH

2Me XVI XVII

Correct Structure: The constitution and stereochemistry of an echitamine salt,
XVII, was finally obtained by Hamilton, Harnor, Monteath Robinson and Sim in 1961 (26)
through the X-ray study of the methanol solvate of echitamine bromide. Further study
lowered the possible error in bond length measurements to 0.03 A (27). This structure
was confirmed by the X-ray work of Manohan and Ramaseshan (28) who also obtained the
absolute configuration of echitamine iodide, XVIII (29), from the anomalous scattering
of Cu-Ka radiation by the iodine atoms following Bij vet's method (30). The substituted
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C00CH3 CH20H

H
HO-

XVIII

cyclohexane ring 1-6, also shown separately, was found to be in the boat configuration.
The methyl group of =C-CH3 was cis to C(5) (29)

.

A Re -examination of the Structures of the Degradation Products of Echitamine .

A. Echitinolide and Isoechitinolide : While the structure proposed by Conroy
for echitinolide VIII (13) was wrong, his explanation for its formation from echita-
mine was applied to the formation of the correct structure XX by Birch, Hods on, Moore
and Smith (31) > and Godvindachari and Rajappa (32).

COsMe CH20H
CH20H

XVII
Hp
Pd/C

In dihydroechitamine, XIX, there is no longer steric inhibition to the formation
of the lactone, so that echitinolide may be formed with the loss of one mole of
methanol. This structure for echitinolide also reveals that the lack of reactivity
of the lactone towards acid attack and its resistance to reduction with lithium
aluminum hydride is caused by steric hindrance of approach to the carbonyl. The 1MB.

of echitinolide obtained by Conroy (16) supported this structure. The infrared spec-
trum of XX showed sharp OH and NH absorptions and a carbonyl peak at 17^2 cm" 1 con-

sistent with a 5-lactone. Its ultraviolet spectrum agreed with Birch's interpreta-
tion of the presence of the eserine group (9, 15, 17) . The empirical formula for
echitinolide, XX, was confirmed by a molecular weight value of 35^- found by mass
spectrography (17). The lower pKa of echitinolide, XX, as compared to echitamine,
XVII, could be explained by the proximity of the carbonyl group to K .

Isoechitinolide, obtained by treating echitinolide with hydrochloric acid, was
assigned structure XXI by Birch (31) and XXII by Godvindachari (32) . Infrared
absorption showed no OH and a carbonyl band at 175^- cm-1 . Ozonolysis gave no volatile
products

,

,QV/CH3 r Q

XXI XXII

Isoechitinolide gave an HMR triplet at -T
, 9oG and a quartet at T

}
G.69 that were

not present in the echitinolide NMR. These results showed an ethyl group bound to a
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saturated hydrogenless carbon, and thus established structure XXII. Although the

modified Kuhn-Roth qualitative chromic acid oxidation (33) of isoechitinolide gave
acetic acid and no propionic acid, this was not considered conclusive.

Formation of the tetrahydrofuran ring is an intramolecular example of tertiary
alkyl ether formation from a primary alcohol and a trisubstituted olefin (jk) . Al-
though this reaction normally does not go to completion intermolecularly, treatment
of a 1,4 diol with acid produced a tetrahydrofuran ring in 97$ yield (35)

.

In the known compounds with the eserine like structure such as eserethole (13,l4)

and folicanthine (15) the C-W^ bond is broken upon reduction with zinc and hydro-
chloric acid. However treatment of echitinolide, XX, with zinc and hydrochloric acid
gives only isoechitinolide, XXII (32) . Wo explanation for such a behavior can be

found in the literature.
B. Hofman Degradation Products : Echitinolide, XX, yielded a methiodide which,

after treatment with 2N alkali gave a tertiary base, echitinolidemethine C22H3oN204,
showing an hypsochromic shift in scid solution (32). Upon carrying out the same re-
action Birch obtained first an amorphous base A, which was then transformed into
base B upon treatment with basic alumina (31) • Base A showed no hypsochromic shift,
while base B had the same empirical formula and the same hypsochromic shift as the
echitinolidemethine, XXIII, obtained by Godvindachari (32) . Both researchers postu-
lated that echitinolidemethine contained a 2-indolinol hydroxyl group. No other case
where such a group was present was known, but the authors supposed that the spatial
arrangement of the various rings in the molecule might prevent elimination to form
an indoline. The shift in acid medium was explained by recyclisation with the re-
storation of the eserine skeleton.

N(Me)

H
+ ^

^C OH"

XXIII

Echitinolidemethine was reduced with zinc and hydrochloric acid to give deoxy-
isoechitinolidemethine XXIV. This compound gave indole like absorption in 0.1 N
acid and benzenoid in 6 N acid. Further Hofman degradations were carried out by
Birch, but the results were inconclusive

( 31)

.

-0

N(Me) 2 / \ CH20H

XXIV XXV

B. Demethylechitamine and Alloechitamine

:

Mild hydrolysis of echitamine chlo-
ride with base yielded demethylechitamine, C21H26N2 4 , XXV, (7), which was found to
be a betaine, as evidenced by the disappearance in the infrared of the ester carbonyl
at 1727 cm" 1 and the appearance of the anionic carbonyl at 1600 cm"i (32).

Treatment of echitamine chloride with potassium t-butoxide and t-butyl alcohol
yielded alloechitamine, C21H26K2 3 , XXVI (16) . Alloechitamine had no hydroxvl band
in the infrared, but had instead another carbonyl peak at 1692 cm"1

. Again Conroy
had given a good explanation of its formation and his explanation may be readily

"

applied to give XXVI. Alloechitamine gave indolil absorption in 0.1 N acid and
benzenoid absorption in 5 N acid (19)

.
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C02CII3

•^

XXVI

D. Echitamine

:

Echitamine itself has not been identified, since two structures
could lead to the quaternary salts on which the X-ray studies were done. Birch pro-
posed structure XXVII (31) } and Godvindachari proposed XXVIII (32).

XXVII XXVIII

Conversion of echitamine to echitamine salts was reported to be slow by Conroy (l6) ;

however Birch reported that echitamine quarternised easily and fast, in acid, in
water and even in ethanol (17). Birch also proposed a reaction route for the solva-
tion of XXVII in water to the quaternary salts

JOaMe

H2
->

N!>
H

H^OH

H ^OH

OsMe

-> XVII

A reaction path can also be proposed for the conversion of XXVIII to the quater-
nary salt:

CH^OH C02MeCOaMe CH20H COaMe

Clfe

H-OH

QH

CH20H COaMe

H

XVII

Thus no choice can be made between these two proposed structures for echitamine.
Possible Biogenetic Precursors : Echitamine is closely related biogenetically

to geissoschizine, XXIX, obtained by the hydrolysis of geissospermine (36) , and to
macusine-A, XXX (37). A biosynthetic route to echitamine from geissoschizine was
proposed by Smith (38) .
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THE CHEMISTRY OF FULVALENE AND RELATED COMPOUNDS

Reported by David A. Durand December 16, 1963

Introduction : In 19^9 the name "fulvalene" was given by Brown (l) to denote the

then unknown non-benzenoid hydrocarbon, bicyclopentadienylidene ( I) . In subsequent

years the names "heptafulvalene " and "sesquifulvalene" were coined to denote compounds

II and III respectively. Interest in these related compounds has arisen because of

the unusual nature of their cross -conjugated systems, and several attempts have been
made to predict their properties and reactivity, at first by means of the Huckel

LCAO-MO theory, and subsequently by means of modified self-consistent field (SCF)

calculations. It is the purpose of this seminar to examine both the theoretical and
experimental work that has been done in this relatively new field, focusing our at-

tention on I, II, III and their simpler derivatives. The dibenzo- and tetrabenzo-
derivatives of these compounds have been known for quite some time and will not be

dealt with here, their chemistry having been thoroughly reviewed by Bergmann (2)

.

Theoretical predictions of structure and reactivity : Brown, in an attempt to

test the reliability of the LCAO-MO method as applied to non-alternant hydrocarbons,
compounds for which this method is internally inconsistent, has calculated the charge

densities, bond orders, and free valences for fulvalene (l). The values that were
obtained are shown in figure 1. On the basis of these calculations it was predicted

1.810
°-f . hkl

rt-Electron Density

I.665

Bond Order

Figure 1

Free Valence

that electrophilic and radical attack should occur at position-1, nucleophilic attack
at position-2, and that, although the degree of bond fixation within the 5-membered
rings is indicative of more olefinic and less aromatic character, fulvalene should be
relatively stable when prepared. In a later paper, Brown attempted to make his pre-
dictions more reliable by considering the nature of the activated complex, since cal-
culations involving the isolated molecule in its ground state do not take into ac-
count perturbations brought about by bond formation and breaking and are thus funda-
mentally incorrect (3). From calculations of the atomic polarization energies, bond
localization energies, and the theoretical electronic spectrum, the following con-
clusions were drawn: (a) position-1 should be most reactive toward all three types
of molecular attack; (b) the order of bond reactivity should be: l-2)>2-3/>9-10; and
(c) fulvalene should be very highly colored, with its permitted electronic transitions
extending into the infrared. Brown reconciled his new predictions with those made
formerly by showing that the difference between the self-atom polarizabilities of
positions 1 and 2 and the difference between the self-bond polarizabilities of the
2-3 and 9-10 bonds were sufficient to account for the discrepancies (h)

.

Pullman, Bergmann, and coworkers (5,6,7,8) have independently performed LCAO-MO
calculations on I, II, and III in an attempt to predict the structure and properties
of these unknown hydrocarbons from their calculated charge densities, bond orders,
and theoretical electronic spectra. The results of these calculations for I were
identical with those obtained by Brown (l); the corresponding values for II and III
are shown in figure 2:
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1.045
A, 0.919

0.982 /-~^~^£?'

1.166 0.883
/ 0. 889 /

1.162 /l.l55 V^--\
0.885

1.683
/ 1.613

1.690 1.568 / J
1

1.609

—

? -1 „ 670

it-Electron Density
Figure 2

Bond Order

The following observations were noted: (a) it was anticipated from the charge densi-

ty calculations that III should exhibit a measurable dipole moment in contrast to

either I or II; this was in accord with the idea that dipolar structure IV would be
an important contributing resonance form for sesquifulvalene, as might be expected
from the relative stability of the cyclopentadienylide anion and the tropylium catiOi

as predicted by the (4n-I-2) rule; (b) the relative similarity among the bond orders

->

in each ring of III suggests that this molecule should possess greater aromatic char-
acter than I or II; (c) calculations of the molecular orbital energies for I and II

indicated that for the former the lowest vacant orbital would be bonding, and that for
the latter the highest occupied orbital would be anti-bonding; thus it was predicted
that I should be easily reduced and that II should be easily oxidized; since no such
anomaly was observed in the calculations for III, it was predicted that this molecule
should be the most chemically stable of the three; (d) calculations of electronic
transition energies indicated that, in the case of I and II, extension of conjugation
in the central bond should result in a hypsochromic shift in the spectrum, whereas in
the case of III a normal bathochromic shift should be expected.

Alonso and Mira (9) have recalculated the molecular diagram for fulvalene, tak-
ing into account charge interactions and making several other modifications. However,
their reactivity predictions still agree with Brown's (l).

With the syntheses of fulvalene, heptafulvalene , and simple derivatives of ses-

quifulvalene now accomplished, it has become evident that some of these early predic-
tions are unsatisfactory in describing the structure and properties of these mole-
cules. For example, from studies of the heat of hydrogenation of heptafulvalene

,

Turner and coworkers (10) have determined a resonance energy value of 28 kcal/mole,
much lower than the value of k"J kcal/mole calculated by Bergmann et al. ( 6) . It must
be remembered, however, that the approximations made in simple LCAO-MO calculations
are not necessarily valid for these unusual molecules. For one thing, it may be that
steric factors play a more important role than was originally thought. Moreover, the
correlation between "aromatic character" and chemical stability has not yet been rig-
orously determined; however, for the purposes of this seminar, we shall regard aroma-
tic character as a function of bond order similarity in a conjugated system.

Recently the SCF method has been applied with reasonable success in conjunction
with the LCAO-MO method in correlating theoretical predictions with the available ex-
perimental data. Thus, Nakajima and Katagiri (11) have utilized Foch's self-consis-
tent-orbital equations, simplified by approximating the various matrix elements in-
volved, to recalculate the molecular diagrams and theoretical spectra of I, II, and
III. The results obtained indicate a distinct bond alternation in all three mole-
cules, suggesting a tendency toward non-aromaticity and the characteristics of cyclic
polyolefins. Moreover, some unusual features that were present in Pullman's
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calculations (6), such, as the presence of electrons in the lowest anti-bonding orbital
of heptafulvalene, are not present in these modified calculations. Silvestri and co-

workers (12) have studied the fulvalenes by means of a semi-empirical SCF method ac-
counting for electronic interactions. The free valences calculated by this method are

all greater than those obtained from LCA0-M0 calculations, suggesting that these mole-
cules are more reactive than was originally supposed. Distinct bond alternation in
these molecules suggests olefinic properties. Recalculation of the dipole moment of

III gave a value much lower than the previous LCA0-M0 value, but no real conclusions
can be drawn from this as to the relative importance of dipolar structure IV, since

there has been no experimental work done in this area.

Syntheses of fulvalene and its derivatives : Soon after the publication of

Brown's theoretical considerations, Kealy and P&uson (13) proposed a synthesis of ful-
valene which involved the reaction of cyclopentadienyl magnesium bromide with FeCl3
and subsequent dehydrogenation of the resulting bicyclopentadienyl. However, when
the reaction was attempted, the Grignard reagent was found to react with the FeCl2
formed, resulting in the first synthesis of the organo-iron compound "ferrocene".
Spooncer (Ik) tried both coupling and degradation methods in an attempt to synthesize
I, but succeeded only in preparing several key intermediates for possible future
syntheses.

Schreiber and Becker (ljjj) reasoned that since cyclopentadieneone is stabilized
as a monomer by the substitution of phenyl groups onto the ,5-membered ring (l6), a

phenyl-substituted fulvalene would perhaps exhibit similar stability. Thus 1,2,3,^--

tetraphenylfulvalene (vT) has been synthesized by condensing cyclopentadienyl magnes-
ium bromide with tetracyclone and dehydrating the resulting adduct (V). The given

*

<$>

MgBr +
(1) <DH

t>

^>

(2) H0Ac/H2 t

structures were assigned on the basis of microanalyses and IR spectra: V showed a
hydroxyl band at 35^0 cm 1

, but no carbonyl band; VI showed neither a hydroxyl nor a
carbonyl band. Both V and VI formed a mono-adduct with maleic anhydride; moreover, it
was found that the adduct of V could be converted to the adduct of VI by thermal de-
hydration (275 , 10 minutes).

Perchlorofulvalene (VII) represents another derivative that should be stabilized
relative to fulvalene, since it is known that halogen substitution generally reduces

the reactivity of dienes (17) . Riemschneider (18) has re-
ported the synthesis of VII by reductive coupling of hexa-

yjj chlorocyclopentadiene in the presence of zinc and HC1. How-
ever, McBee and coworkers (19) have determined the molecular
weight of Riemschneider ' s compound and have shown it to act-
ually be 1,2,3>^—tetrachlorocyclopentadiene. At the same time

McBee, Roberts, and Idol (20) reported their own synthesis of VII by means of the
reductive coupling of hexachlorocyclopentadiene and subsequent thermal dechlorination
of the resulting perchlorobicyclopentadienyl (VIII). The product was assigned

CI

Clr^X

Cl 1^/
CI

Cl2
^2C12 >

250
"VII"

01
VIII

C1

structure VII on the basis of its UV spectrum and the fact that hydrogenation over
copper chromite yielded bicyclopentyl. The absence of the expected color in the
product was explained by postulating that steric factors forced the molecule into a
twisted conformation, thus depressing absorption in the visible region. However,
McBee left unexplained the fact that his product added chlo-'ine under forcing condi-
tions to yield a perchloroindene derivative. This problem has recently been resolved
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by Mark (21) who isolated perchlorofulvalene in the form of dark blue crystals from

the reaction of VIII with triethyl phosphite. Hydrogenation of this material over

+ (EtO) 3P
CI t

+ (Et0) 2 -P-Cl + EtCl
CI

C1VIII C1 ci VII CI

platinum black yielded bicyclopentyl, whereas similar treatment of McBee 's compound

led to the formation of the hydrocarbon trindan ( IX) . The molecular weight of McBee '

s

compound was redetermined and found to be much higher than was originally thought.

It was thus proposed that McBee had actually synthesized a chlorocarbon of molecular

formula Ci 5 Cl12 , possibly X. The formation of bicyclopentyl from the copper chromite

X

hydrogenation was explained to be apparently due to hydrogenolysis of this chloro-

carbon. The structure of Mark's compound has subsequently been confirmed as VII by
X-ray analysis (22). Ginsberg and coworkers (23) have recently synthesized perchlo-

rofulvalene in h&jo yield along with VIII by means of the thermal dechlorination of

hexachlorocyclopentadiene over iron wool at low pressures.

CIo
CI

CI

500°/0.1mm.

Fe wool
> +

VII CI CI VIII CI

Fulvalene itself was first synthesized by Doering and Matzner (2^1-) by means of
a four-step sequence starting with cyclopentadiene. Neither fulvalene nor intermedi-
ate XI were able to be isolated due to their extreme tendency toward polymerization

Ol, A12 3

THF

la

-80°
>

C4H cJJi //i

<
0;

pentane
2Li

at concentrations above 0.001 M. However, both formed bicyclopentyl upon hydrogena-
tion over Pt, and both formed a bis-adduct with tetracyanoethylene (TCE). Since this
latter reaction was found to be readily reversible, it has proved to be a convenient
means of storing fulvalene. . The UV spectrum of I consists of a series of sharp max-
ima with increasing intensity, culminating with Amax=3li)-mi-i (e=V7,000), and eventually
tailing off linearly into the visible region. In spite of its instability as a mono-
mer, fulvalene is apparently relatively stable towards air, acids, and most dieneo-
philes, as Is evidenced by the preservation of its characteristic spectrum upon ex-
posure to these reagents.

Two other syntheses of fulvalene have been reported recently. DeMore, Pritchard,
and Davidson (25) have subjected diazocyclopentadiene (XII) to photolysis in a per-
fluorocyclic ether matrix at 77°K. and in a nitrogen matrix at 20°K. The resultant
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formation of fulvalene was postulated to proceed by way of the intermediate carbene,
cyclopentadienylene (XIIl) ; however, no spectral evidence for this intermediate was

hV >

XII XIII

found. The UV spectrum of the product corresponded very closely to that of Doering's
product, except for the presence of a band at 327 mu.; however, when the pno^oyl&le
was warmed to room temperature, only this band remained, thus suggesting that it was
due to the presence of some by-product or impurity.

Kosower and Ramsey (26) , during a study of the chemistry of 1-pyridinium cyclo-
pentadienylide (XIV) , noticed that solutions of this material in heptane were_ decolor-
ized upon exposure to sunlight. Having isolated pyridine from the pnotoo

y

-Lofeo , it was
proposed that XIV had decomposed to yield pyridine and the carbene XIII, which then
dimerized to fulvalene. However, the UV spectrum of the product did not correspond at

hv ^
^W^

+ ^

XIII

all to that of Doering's fulvalene; moreover, although experiments were performed to
trap the postulated carbene intermediate and to prepare derivatives of the product,
no positive results of these studies have been reported. Thus it seems unlikely that
I was actually formed in this case.

Several other fulvalene derivatives have been prepared subsequent to Doering's
synthesis, pauson and Williams (27) have studied the steric effects of phenyl sub-
stitution upon the synthesis of fulvalenes. In the course of this study a hexaphenyl-
fulvalene, postulated to be the relatively unhindered 1,2,3,5,6,7-isomer (XV) because
of its ease of formation, has been prepared via various synthetic pathways from 1,2,3-
triphenylcyclopentadiene (XVT) , its 5^5-dibromo derivative (XVIl), and its diazo de-
rivative (XVEII). The product was assigned a fulvalene structure on the basis of

C^H^Di or $Li

EtpO

XVT

XV

refluxing EtOH

microanalytical evidence and its complex UV spectrum. The formation of XV from XVI
was first observed during an attempted synthesis of hexaphenylferrocene from XIX and
FeCl3 . The following scheme was proposed to account for the product formed:

(1) CH3I+2Li -

(3) FeCl3+LiI

-» CH3Li+LiI
—» I2+FeCl2+etc

.

(2) CH3Li+XVI > XIX

( h) Is+XIX > XV

This result is indeed surprising, for it will be recalled that several years earlier
Pauson and Kealy obtained ferrocene during an attempted synthesis of fulvalene (l3)j

the present authors did not propose any explanations for
this anomaly. Attempts to prepare fulvalenes more steric-
ally hindered than XV from derivatives of 1,2,h -triphenyl-
cyclopentadiene (XX) and 1,2,3,4- tetraphenylcyclopentadiene
(XXl) led only to the formation of bicyclopentadienyl de-
rivatives and intractable tars (28). Failure to form ful-

valene derivatives from the bicyclopentadienyl compounds was attributed to the absence
of coplanarity around the 1,1' -bond caused by steric crowding of the phenyl groups.

XXI
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Recently Scherer (29) has reported the synthesis of a dihydrofulvalene (XXII) by
the steam distillation of a CC14 solution of XXIII from aqueous tartaric acid. Spec-
tral evidence has been given to support the structure XXII; in addition it was ob-
served that a methanolic solution of the product yielded fulvalene when passed through
a column of anhydrous Ag20. Further experiments have suggested that the oxidizing

oh (i) h ;
(2) steam distill

0:
>Me OH, Ag2

XXIII XXII

agent responsible for this conversion is dissolved oxygen, the Ag2 serving only as a

base, since it was observed that the use of degassed solvent yielded no fulvalene.
The resemblance between this reaction and the last two steps of Doering's synthesis

(24) should be noted.
Synthesis of heptafulvalene : Unlike fulvalene, the related compound heptaful-

valene(Il) has not been studied extensively. The only experimental work reported in
the literature is the actual synthesis of heptafulvalene by Doering and Mayer (30) by
means; of a three -step sequence starting with the relatively stable tropylium ion
(XXIV) . Both ditropyl (XXV) and II yielded bicycloheptyl upon hydrogenation. II was

Zn dust
HoO

^

XXIV

C14H14BF2

(CH3 ) N
3

( -2HBr)

found not to undergo a Diels -Alder reaction, even under forcing conditions. The UV-
visible spectrum of the product showed two maxima in the UV-region followed by a

linearly decreasing absorption extending all the way to 700 mu. Like fulvalene, the
product was found to be stable towards acids and oxidizing agents. Apart from the
above, however, there is little positive information about II available at the present,

Syntheses of sesquifulvalene derivatives : Fulvalmixene quinone (XXVIa) , the
first known non-benzo derivative of sesquifulvalene, was synthesized by Kitahara and
coworkers (31) by the condensation of cyclopentene-3^5-dione (XXVIIa) with tropylium bro-
mide followed by dehydrogenation of the impure adduct. Whereas the IR spectrum of

+ Br
HBr

>
yellow
oil

chloranil
in xylene

(-2H)

Ri

•>

Rs

XXVIIa, R!=R2=H
b, Rx/R^-C^U-

XXVIa, R1=R2=H
b, R1/R2=-C 4H4-

XXVIIa showed two carbonyl bands, the spectrum of the red crystalline product showed
only one; an explanation for this unusual feature was not presented. The cyclopentene
double bond was found to be quite reactive; addition of bromine and adduct-formation
with cyclopentadiene and diazomethane proceeded readily. The assumption that it was
the cyclopentene double bond that was undergoing these reactions was supported by the
fact that the corresponding benzo-derivative (XXVIb) did not add Br2 at all. The IR
spectra of these adducts showed no hydroxyl bands, indicating that they did not exist
to any appreciable extent in the enolic form, I.e. as a sesquifulvalene diol.

Following a similar sequence with sodium 1,2,3,4 -tetraphenylcyclopentadienylide
(XXVTII), Prinzbach (32) has reported the synthesis of 1,2,3,4-tetraphenylsesquiful-
valene (XXX). The conversion of XXIX to XXX was accompanied by a large bathochromic
shift in the UV spectrum and by the disappearance of aliphatic C-H bands in the IR
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+ ->

XXVIII

<-
TCE

ehloranil
in <t>H

(-2H)

XXXI XXX

spectrum. The product was found to readily form a Diels-Alder adduct with TCE; struc-
ture XXXI was assigned to this adduct solely on the basis of the steric effect exerted

by the phenyl groups. Attempted dehydrogenation of XXXII, obtained
from sodium cyclopentadienylide and tropylium bromide, to sesquiful-

valene yielded a complex mixture of products, none of which was
obtained pure.

Prinzbach and coworkers have also examined prototropic rear-
YYYTT
•A-^V -LJ

- rangements as a potential route to sesquifulvalene. Thus XXXIII,
prepared by the condensation of sodium indenylide with tropylium bromide, was converted
to the substituted benzofulvene XXXIV, which subsequently underwent a proton shift to
yield XXXV ( 33) • The alternate structure XXXVI was ruled out on the basis of the MR

0CH0, NaOCH.

io
5

NaOCH3

8o°

XXXIII XXXIV
CH- (|>

XXXV
CH2 -<D

spectrum of the product, which showed no spin- spin splitting for the methylene protons
(t=6.15). The product was found to form a mono-adduct with TCE, the structure of
which was postulated without explanation to be XXXVII.

XXXVI XXXVII

The simplest sesquifulvalene derivative yet reported and isolated in reasonably
pure form is XXXVIII, which has been prepared from XXXIX by a proton shift analogous
to that of the previous reaction ( ^k) . This prototropic conversion was accompanied

10
-H
©

pyridine or

Et3N

-^
H e

->

XXXVIII

by a considerable bathochromic shift in the UV spectrum. XXXVIII is very labile
towards heat and air, and was found to react instantaneously with TCE to form a bis -

adduct, the structure of which was postulated without evidence to be XLI. The authors,
however, gave no explanation as to why TCE was postulated to add across the cyclo-
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heptatriene ring in a manner different from XXXVII. RLi ( C^gLi or LiAlH4 ) reacted
with XXXVIII to yield the salt XLII. Treatment of XXXVIII with CF3COOH or HBF4 re-
sulted in the formation of XLII I. That electrophilic attack had occurred at the 1-

position was supported by NMR and the fact that by using CF3COOD, the benzyl methylene

1©
H
©

XXXVIII ->

XLIII

-H
©
^

XLIV

protons were found to undergo H-D exchange, suggesting a rapid prototropic equilibrium
between XLIII and XLIV. XLIV was apparently not formed along with XXXVIII from XXXIX
in basic media. Unfortunately the purported equilibria involved in this system have

not been rigorously studied; an NMR product study to obtain
additional data is presently in progress.

XLV The preparation of XLV, isomeric with XXXVIII, has been
reported, utilizing CH3OWa to bring about an analogous proton
shift (35).

Although sesquifulvalene itself has not yet been synthe-
sized and isolated, Prinzbach and Rosswog (35) have recently provided some question-
able evidence for its formation along with other products from the condensation of
tropone with sodium cyclopentadienylide. The resultant deep red solution was found

to decolorize immediately upon addition of TCE;

analysis of the resulting product was compatible
with calculations for a bis -adduct of sesquiful-
valene. Hydrogenation of the reaction mixture
yielded cyclopentylcycloheptane in part. Unfortu-

nately, no further work has been reported to prove or disprove the formation of III
in this reaction.

Some work has been done on the syntheses and reactions of several iso-jr-elec -

tronic analogs of sesquifulvalene (36-kO) . For example, XLVI has been prepared in 31$
yield by the condensation of sodium cyclopentadienylide with XLVII (3^)' Also, XLVIII,

Na®+ ->»III»

+
MeOCHpCHpOMe

re
©
•w

Br OK /r
n

CH3

XLVII

a dithiafulvalene derivative, has recently been synthesized by the reaction of
sodium 1,2,3,^-- tetraphenylcyclopentadienylide with XLIX in basic media (39). Reac-
tion studies have been carried out with some of these iso-it-electronic analogs in
an attempt to test the present theoretical predictions for III. However, the value
of these studies depends largely upon how close these hetero-atom systems approach
the actual character of the sesquifulvalene system.
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RECENT PROGRESS IN THE STUDY OF RIBOFLAVINE BIOSYNTHESIS

Reported by B. E. Galbraith December 19, 1963

Introduction : The mechanism of the biosynthesis of riboflavine (vitamin B2 , or

6,7-dimethyl-9-(l , -D-ribityl)isoalloxazine) (I) has been under investigation since

the early 1950's. This seminar constitutes a summary of recent progress in determin-

ing the pathway of riboflavine biogenesis. Of the material available in reviews

(1,2,3), only points considered essential to an appreciation of the present discussion

are included. The ring systems of several types of compounds mentioned frequently in

the abstract are shown below.

m

pyrimidine
<s^ ^/^^

purine pteridine
isoalloxazine

The discovery of metabolites structurally similar to I in flavinogenic micro-
organisms has led to significant advances in elucidating the biological steps in-

volved in the formation of the vitamin. Masuda (1, and references therein) isolated
several fluorescent substances from the mould Eremothecium ashbyii . Two of these
compounds were shown spectrophotometrically to be pteridine derivatives, one exhibit-

ing green fluorescence ( "G-compound") and the other, violet ( "V -compound ") . On the
basis of spectral and chemical evidence, Masuda (^,5) assigned the structure 6,7-
dimethyl-8-ribityllumazine (Ila) to "G-compound". It was later shown (6) that this
pteridine possessed the same properties as Ha synthesized chemically by the conden-
sation of 5-aniino-6-ribitylaminouracil (Ilia) with 2,3-butanedione. This reaction
had previously been employed by Maley and" Plaut (7,8) , who found that the condensa-
tion product Ha was identical with a green fluorescent material isolated by them
from the microorganism Ashbya gossypii . "V-compound" has been identified (9) as

6-methyl-7-hydroxy-8-ribityllumazine (lib) ; its role in riboflavine biosynthesis is

considered later in this discussion.

^Tv^O RNH<

nh NH

I R = ribityl II R = ribityl
a. R'=R"=CH3
b. R'=OH,R"=CH3
c. R'=R"-OH

III a. R=ribityl
b. R=n-butyl

The Formation of Riboflavine (I) from 6,7-Dimethyl-8-ribityllumazine (Ha) : The
structural similarity between Ha and I, the demonstration (10) that I could be formed
by nonenzymatic condensation of Ha with 2,3-butanedione (J/S) , and the fact that
radioactivity from formate -C14 was incorporated into the 2-position of both Ha and I

(8) suggested that Ha might be a biogenetic intermediate in the formation of I.

Support for this hypothesis was obtained from observations of the enhanced rate of
production of I upon addition of Ila to extracts from various organisms (1 and ref-
erences therein). Additional evidence was provided by labeling experiments (1). Thus
studies on the relative rates of incorporation of labeled formate into Ila and I in-
dicated that Ila is more likely a precursor than a degradation product of I. Moreover,
the molar specific radioactivity of I formed from IIa-2-C14 was almost identical with
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that of the lumazine, showing that Ha is actually utilized for the formation of I

and does not merely stimulate the conversion ~f another component to I (11).

In the conversion of Ha to I, four carbon atoms are required to complete ring A
of the product. The most logical source of these atoms in the enzymatic reaction
would "be a compound such as 2,3-butanedione , which has been used in the chemical
synthesis of I from Ila (6 ,7 ,8) , or acetoin, which has been identified as a metabolite
of E. ashbyii (12). Plaut (13), however, found that enzyme preparations catalyzed the
formation of I from Ila without the addition of any other carbon source or any co-

factors, indicating that Ila can act as both donor and acceptor of the atoms trans-
ferred. Similar observations with different extracts have been obtained by other
workers (l^j-,15)

.

If Ila is the source of the four carbon atoms, as indicated above, either one

molecule of Ila could supply all four atoms for combination with a second molecule of

Ila, or two molecules of Ila could each supply one two -carbon unit. In the former
case, the molar ratio of Ila consumed to I produced should be 2; in the latter, 3.

Using the purified enzyme riboflavine synthetase, Plaut (l6) obtained an experimental
ratio of 2.1, suggesting that one molecule of I is formed from two molecules of Ila.

Potential sources of two-carbon or four-carbon units might therefore be expected to
promote the enzymatic conversion of Ila to I. Plaut, though, could not detect stim-
ulation by acetyl coenzyme A, acetyl phosphate, acetate, acetoin, or 2,3-butanedione.
No appreciable incorporation of radioactivity into I could be obtained from labeled
2,3-butanedione, acetate, or glucose. Moreover, the ketone binding agents hydrazine
and o-phenylenediamine did not significantly inhibit enzyme activity. The author
interpreted these results as evidence for an enzyme -bound intermediate.

It seems reasonable that the atoms transferred in the formation of I are carbon
atoms 6 and 7 and the methyl groups of Ila. Labeling experiments confirmed this
reasoning (1). Thus 6,7-dimethyl-C14-8-ribityllumazine (II, R'=R"=C14H3) was enzyma-
tically converted to I in which the radioactivity was located exclusively in the
methyl groups and carbons 5 and 8° Since two molecules of Ila react to form one
molecule of I, the molar specific radioactivity of I produced in the experiment just
cited should be twice as great as that of the starting material. Furthermore, degra-
dation of the labeled I by chromic acid oxidation should yield acetic acid (from
carbons 6 and 7 and the methyl groups) with a molar specific radioactivity one -half
as great as that of the starting material (Ila). The ratio of the molar specific

°*
H^K

degradation
2 CH3CO3H

#
_ pl4R = ribityl, C = C

radioactivities of Ila: I: acetate obtained experimentally was 1: 2.2: O.33 (13) . Thus
riboflavine synthetase appears to catalyze the formation of one molecule of I from two
molecules of Ila by transferring the methyl groups and carbon atoms 6 and 7 of one
molecule of Ila to another molecule of Ila via an enzyme-bound intermediate.

The conversion of Ila to I in vitro with no other carbon source has been demon-
strated by Rowan and Wood (17). These authors have proposed the following series of
steps to account for the observed chemical reaction and the corresponding enzymatic
one: (a) hydration of Ha, initiated by nucleophilic attack at position 7 and re-
sulting in pyrazine-ring opening to give IV; (b) aldol condensation of two molecules
of IV to give V; and ( c) cyclization of the condensation product V with the loss of
one diaminopyrimidine portion to give I and A. The observation that addition of metal
ions to this system accelerates the formation of I from Ila supports step (a) above,
since it has been reported (18) that hydration, and therefore ring opening, of
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Ha &L

R
'ho ^ b

CH3

H R

Q^ W
iii:

H

JO

JH

CH
R

CH'%
.0 (b)

H

R H
CH3IV^O

IV

(c)

^^k^HaCK^r^Y^
I + A

R = ribityl

"quinonoid" pteridines such as Ila is promoted by metal ions. The postulated forma-

tion of V is closely related to earlier proposals by Birch and Moye (19,20) and

Cresswell and Wood (21) based on chemical syntheses of flavines involving condensa-
tion of diaminopyrimidine derivatives with dimeric 2,3-butanedione (VI) . In the
synthesis of I by this method (21), an intermediate pteridine derivative (VII, or

the isomer with the substituents at positions 6 and 7 interchanged) was obtained,

CH*

ch3 -c:
5k

/OH

CH3

H

> CH3

CH^ CH3\N

^ I

VI Ilia VII
R = ribityl

which could be converted to I by treatment with base or acid (22). This condensation
is similar to the one suggested as step (c) in the above mechanism. The isolation of
a small amount of VIII (see below), a self-condensation product of Ilia (23), suggests
that the latter compound is a by-product (A) of the in vitro conversion of Ila to I.

Plaut (l6) has detected a compound(s) (B) which may correspond to product A in

enzyme
I + B

CH3^>N

Ila R = ribityl

the chemical reaction carried out by Rowan and Wood. No significant incorporation
of radioactivity into B formed enzymatically from II (R»=R"=C14H3) was obtained.

Treatment of B with the cation exchange resin Dowex 50 gave
ribitylamine and a pyrimidine moiety (C) which could be converted
to the 2,4-dinitrophenylhydrazine derivative of alloxan (IX).

,q Alkaline hydrolysis of C yielded urea and oxomalonate. Labeled
urea was obtained when the starting material was IIa-2-C14 , and

m labeled oxomalonate from Ila -4,8a -C14 . These observations support
the theory that B represaits the portion of the Ila molecule from
which four carbon atoms have been removed to form I.

H
0^N<

o

IX
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NaQH

B
Dowex 50

RNH; + C

COOH
1

c=o
I

COOH

NH2
I

C=0
Im2

» 2,4-dinitrophenylhydrazone of IX

COOH

enzymatic conversion to I I_q
WH followed by degradation |

COOH

*COOH
I

> C=0
*l
COOH

m2
*i

c=o
1m2

m2
1

c=o
1

-x-

_ pl4R = ribityl, C = C

Ribitylamine and C could arise either from the action of the enzyme or from the
decomposition of a primary product during the separation procedure. In the latter
case, the most Obvious structure for B would be 5-amino-6-ribitylaminouracil (Ilia)

,

the same compound as that (A) apparently produced in the chemical formation of I

from Ila alone (17) • C would then be alloxan or a related compound. However,
attempts to trap Ilia with 2,3-butanedione, which should regenerate Ila chemically

(7) , or with pyruvate, which should react with Ilia to form lib (2^,25) , were un-
successful. Nor could evidence be obtained for the cleavage of Ilia to ribitylamine
and alloxan by Dowex 50. It is conceivable, nevertheless, that Ilia is formed in the
reaction but escapes detection because of conversion to the self-condensation pro-

H R H
R R

H
N-

NH H

VIII R = ribityl a. R = ribityl
b. R = n-butyl

ducts VIII or Xa. Cres swell, Neilson, and Wood (23) have isolated VIII as a product
of the condensation of two molecules of Ilia. Although Xa is unknown, the formation
of its n-butyl analogue (Xb) by self-condensation of Illb has been reported (26).
XIa, Xlla, and XHIa (none of which is a known compound) have also been considered by

XI a. R = ribityl
b. R = H

R
WH^
^^f°

° ;

H
HO^k^NH H

XII a. R = ribityl
b. R = H

XIII a. R = ribityl
b. R = H

Plaut (16) as possibilities for B. The spectral properties of B more closely resemble
those reported for isouramil (Xllb) (27) than those of VIII, Xb, or Xlb. Xllb is
easily oxidized, and Xlla might therefore be deaminated to alloxan under the conditions
used. Xllla, an analogue of alloxantin (XHIb) , may be expected to have similar pro-
perties.

Winestock, Aogaichi, and Plaut (28) have studied the reactivity of purified ribo-
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flavine synthetase from A. gossypii with lumazines variously substituted at positions

6,7, and 8. The high degree of substrate specificity of the enzyme is indicated by
the fact that of twenty-nine compounds tested, only Ila and its 5'-deoxy analogue
were detectably converted to the corresponding flavines. 6,7-dimethyl-8-(l ' -pentityl)-

luraazines (Ila, R = pentityl) possessing hydroxyl groups in the D-configuration at

positions 2' and h ' of the side chain (D-ribityl, 5 ' -deoxy-D-ribityl, and D-xylityl)
were inhibitors of the reaction. However, the D-glucityl derivative, which also con-
tains D-2'- and D-^4-

1 - hydroxyl groups, was inactive. Also inactive were 6,7-dimethyl-
lumazines with hydrogen, methyl, 2' -hydroxyethyl, or hexityl groups at position 8.

Replacement of one or both methyl groups of Ila by larger alkyl or aryl substituents
gave compounds inactive as substrates but varying in their activity as inhibitors.
8-(l'-D-Ribityl) lumazines with hydroxyl groups at either position 7 (including lib)

or both positions 6 and 7 (He) were very potent inhibitors of the enzymatic forma-
tion of I from Ila.

Earlier Steps in the Formation of Riboflavine (I) : No enzyme system which can
catalyze the formation of Ila has yet been obtained in cell-free extracts (2) . In
vivo experiments (1) , however, show that a purine can act as the precursor of this
pteridine compound. Evidence relating the biosynthesis of I to that of purines has
been summarized (1,2,3). Plaut (2) noted that it was impossible to decide on the
basis of information then available (1961) whether a purine is an obligatory inter-
mediate in the pathway of riboflavine biogenesis or whether purines and I are formed
from a common precursor. Present knowledge still does not permit one to make this
decision.

It has been shown by McNutt (29^30,31) that entire purine molecules, with the
exception of atom 8, can be incorporated into I. Audley and Goodwin (32) have re-
ported similar observations. A reaction suggested by these results is imidazole-
ring cleavage of a purine or purine derivative (XIV) to give a diaminopyrimidine

D

XIV XV

compound (XV) and a one-carbon moiety, presumably formate (D) . Smith, Connelly, and
Smead have reported (33) that atom 8 of adenine (XVI) can under certain conditions be
incorporated by cultures of E. ashbyii into position 2 of I, as can carbon 3 of serine,

R R' R"

m2
OH
OH
H
OH
OH

an "active formate" donor (3^)» The imidazole -ring opening of adenine is postulated
to yield "active formate" (D) , which is then used to form another purine molecule,
possibly in a condensation with a precursor similar to 5 -amino-^-imidazole carbox-
amide ribonucleotide (XXII) , which has been implicated (35) in purine biosynthesis.
This reaction or an analogous one could possibly explain the results of Audley and

R
^ ^NH2

+ 'active formate" >

^NH2 N-

XVI H H
XVII H OH
XVIII H m2
XIX D-ribosyl H
XX D-ribosyl m2
XXI D-ribosyl OH

(\
N

XXII R = 5 ' -phosphoribosyl
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Goodwin (32), who observed the incorporation of radioactivity into xanthine (XVTI)

from adenine-8-C14 and guanine-8-C14 (XVIII) by E. ashbyii , The authors have pro-
posed that their findings support their postulate that guanine and adenine are con-

verted to xanthine or a xanthine derivative prior to incorporation into I. Although
the structural similarity of xanthine and its 9-substituted derivatives to I (and to
Ila) makes these compounds attractive as possibilities for XIV, there is still no
direct evidence for imidazole -ring opening at the oxidation level of xanthine.

Whether the substrate (XIV) which undergoes ring cleavage is a purine or a purine
derivative remains uncertain. Thus isotopic evidence for the in vivo formation of

2,5,6-triamino-4-hydroxypyrimidine (XXIlTJ from guanine has
been presented by Baugh and Shaw (36) , suggesting that XIV
could be a purine. Incorporation of radioactivity from XXIII-
5-C14 into I, however, could not be detected. On the other
hand, imidazole -ring opening of 9-D-ribosylpurine (XIX) with
dilute alkali at room temperature has been reported (37)

•

Recently Townsend and Robins (38) have found that methylation
at position 7 renders guanosine (XX) and xanthosine (XXI),
which are stable under the above conditions (as are most
common purine nucleosides) , susceptible to ring opening in the

imidazole ring under very mild conditions. The products were isolated and identi-
fied as formylaminopyrimidine derivatives (XXIV) . Such base -catalyzed ring openings,

CHO

-R

I

CH< OH

R = D-ribosyl
R'= OH or M2 XXIV

also observed (39*^-0) f°r certain 7j9 -disubstituted purines, are thought to be
initiated by the attack of hydroxide ion at the electron-deficient 8-position of the
purine. The authors (38) suggest that their observations support the proposal of
Neilson and Wood [hi) that a purine nucleoside is the species (XIV) which yields a

diaminopyrimidine derivative (XV) by ring cleavage of the imidazole ring.
The paper just cited (^l) also contains a postulated series of steps to account

for the conversion of the nucleoside to 5 -e^in°-6-ribitylaminouracil (Ilia), which,
on the basis of its condensation with 2,3-butanedione in the chemical synthesis of
Ila (7,8), had previously been proposed to be a biogenetic precursor of Ila (9,^2).
The steps suggested were the following: (a) imidazole -ring cleavage of the purine
nucleoside XXV to give a glycosylamine derivative XXVI j (b) Amadori rearrangement
of XXVI, yielding a l-( substituted amino) -1-deoxy-pentulose XXVIIj and (c) stereo-
specific reduction of the side -chain carbonyl group of XXVII to give Ilia. A ketose

R' =
CH20H

XXVI

R'NH
I

CH2
1

c=o
I

HCOH
I

HCOH
I

CH20H

XXVII

R'NH
I

CH2

HCOH
I

HCOH
I

HCOH
I

CH20H

Ilia
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similar to XXVII (but with a nitro group at position 5) has been synthesized by
these workers and converted chemically to I by reduction and subsequent condensation
with dimeric 2,3-butanedione (VI)

.

The Role of 6-Methyl-7-hydroxy-8-ribityllumazine : The second fluorescent
pteridine originally isolated by Masuda (see introduction) and called "V-compound"
was shown (9,43) to be identical with a compound of structure lib, synthesized (24,

25) by condensation of Ilia with pyruvate. lib has been implicated in the enzymatic
production of I. Thus several microorganisms in which Ila has been detected have
also been shown to contain lib (24,25,44,45). The formation of the latter compound
from the former, both chemically by air oxidation in alkaline solution (46) and
enzymatically (7 ,47 ,48 ,49) , has been demonstrated.

Mitsuda, Kawai, Suzuki, and Satani (50) have found that both the conversion of

Ila to I and that of Ha to lib are catalyzed by an enzyme preparation from spinach
leaves. The latter reaction requires molecular oxygen, in the absence of which lib

could not be detected. A mixture of formate and formaldehyde was produced in a

similar enzymatic reaction (2) . The amount of lib produced in the conversion of Ila
to I with riboflavine synthetase was reported by Plaut (16) to decrease with increas-

ing enzyme purity. The molar specific radioactivity of lib formed from II (R'=R"=
C14H3) using enzyme preparations from Escherichia coli was approximately half as
great as that of the starting material, suggesting that the 7-methyl group of Ila is
lost when the latter is converted to lib. These results all support the postulate

(51) that lib is the product of oxidative removal of the methyl group at position 7
of Ha.

The possibility that the formation of lib controls the rate of production of I

in intact cells has been considered by Winestock and coworkers (28) because of the
occurrence of lib in flavinogenic organisms (2) and its inhibitory effect on ribo-
flavine synthetase (28)

.

Summary : The purification and study of riboflavine synthetase has provided
further information about the biosynthetic mechanism involved in the conversion of
6,7-dimethyl-8-ribityllumazine (Ila) to riboflavine (I) . Considerable evidence in-
dicates that purines can act as precursors of I) however, the steps of riboflavine
biogenesis leading to Ila remain unclear. The nature of the transformation of Ila
to 6-methyl-7-hydroxy-8-ribityllumazine (lib) seems to be well established.
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RECENT APPLICATIONS OF HEAVY ATOM KINETIC ISOTOPE EFFECTS

Reported by J. W. Taylor January 9, I96U

Introduction - Heavy atom kinetic isotope effects have been used recently in the

elucidation of reaction mechanisms. Of particular note is the interpretation given
to the heavy atom kinetic isotope effects by Swain and Thornton (1,2) in the forma-
tion of a rule which predicts the effect of structural changes on the structure of

transition states. A discussion of kinetic isotope effects and the assumptions
which provide explanation for these effects has been given by Bigeleisen (3). In

this abstract recent studies which emphasize the unique contribution of heavy atom
kinetic isotope effects for the description of the transition state and the implica-
tions of these results will be considered in the light of the equation of Bigeleisen
involving the heavy atom approximation.

The Heavy Atom Approximation and Its Use in Mechanistic Studies - The basic
equations for the theoretical calculation of heavy atom kinetic isotope effects were
introduced initially by Bigeleisen and Mayer (h) for isotope exchange equilibria and
have been applied to reaction rates by Bigeleisen (3) . These equations are termed
the heavy atom approximation since the change of vibrational frequency on isotopic
substitution is assumed to be small. This assumption is, of course, not valid for
hydrogen isotopes. Excellent reviews of the derivation and assumptions leading to
the basic equations have been given by Bigeleisen and Wolfsberg (5) and Melander (6)

.

McGregor has reviewed the literature up to 1958 specifically for carbon isotope
effects (7)

.

The equation of Bigeleisen normally used for calculation of heavy atom isotope
effects is Equation (1)

y . £ 3n*-7 3n-6

|L |S Bjl JAIL
( 1 . E G (u >) Au* + E g(u.) Au.) (1)k2 sj. S2* V

L(2)t ±
1 1

i
1 1

where kx and k2 are the rates for the light and heavy isotope compound respectively,
s is the symmetry number (which accounts for the number of indistinguishable positions
a molecule might take) and the superscripts refers to the transition state. The
symbol V^ is the stretching frequency along the coordinate of decomposition, u. =

*^VkT wnere v i is tne vibrational frequency of the various bonds and molecules and
n is the number of atoms in the reactants and ri*, the number of atoms in the transi-
tion state. The factor G(u) = 1/2 - l/u + l/eu=l has been tabulated by Bigeleisen
and Mayer (k) „

Briefly the following four assumptions were made in deriving Equation (1) and
are summarized from Melander (6).

1. In obtaining the equilibrium constant for the formation of the activated
complex, the activity coefficients are assumed to be either equal to unity or the
ratios of activities are unchanged by isotopic substitution - a situation which would
be rigorously true only for an ideal gas in the gas phase. The equilibrium constant
is then treated as a concentration equilibrium constant which theoretically may be
computed from the ratios of partition functions assuming the energy levels of pro-
ducts and reactants are related to the energy levels of the respective classical
oscillators. The partition function of the transition state in contrast to that of
the products and reactants conceptually could be calculated from a vibration which
corresponds to a saddle point in the potential energy surface rather than a minima.
This vibration would be unstable to movement along the decomposition coordinate and
may be compared to a kind of vibration which tears the molecule apart.

2. There is a single potential energy surface along which the reaction takes
place.

3. In deriving this equation for isotopes heavier than hydrogen Au was assumed
to be small upon isotopic substitution and the factor G(u) = l/2 - l/u + l/eu-lJfn^
volves the assumption that complete bond rupture occurs in the transition state with
no other bonds altered.
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k. The rate of passage over the potential barrier, which is called the trans-

mission coefficient, and the rate of quantum mechanical tunneling through the barrier
is assumed to be unaffected by isotopic mass. Correction for tunneling can be incor-

porated (5) but the effect is usually negligible for the heavier isotopes.

The assumptions involved in Equation (1), are such that a quantitative prediction
of the isotope effect from theory is not possible. Specifically the lack of knowledge

about the potential energy surface and the inability to calculate either the partition
function of the transition state of the transmission coefficient limit the practical

utility of the equation (5). Nevertheless a qualitative interpretation of kinetic iso-

tope effects has been made in studies which involve a comparison of these effects as

a regular structural variation is made in one reactant.
One qualitative approach used to relate Equation (1) to a more physical picture

of the transition state is the separation of the equation into two factors. The first

^L( l) 41

factor, *
, is called the temperature independent factor because the ratio of the

V
L(2) +

stretching frequency which is lost on going to the transition state is assumed to be

affected in the same way that a normal vibration is affected by the reduced mass of

the separating fragments. Yankwich and Veazie (8) have stated that in general this

factor provides information concerning the uncompensated changes in binding about the

site of labeling which occur as a consequence of activation. The rest of the right
side of Equation (1) is called the temperature dependent factor. Melander (6) states
that there is no unambiguous correspondence between the respective factors since the
temperature dependent factor does include some contributions from ratios of frequen-
cies which are in fact independent of temperature. For calculation of the temperature
dependent factor extensive simplifications are often employed. For example the assump-

tion is frequently made that all frequencies except the stretching frequency of the
bond to be opened are cancelled either because they could be assumed to be equal in
the transition state and the reactant or they are non-isotopic. What is left for the
temperature dependent term after this assumption is simply 1 + G (uk ) Au^, where uk
refers to the stretching frequency of the reactant.

Calculation of the temperature independent factor requires less detailed prior
knowledge of the vibrational frequencies and the effect of isotopic substitution on
those frequencies. Experience (6) has shown that this factor can correlate structures
with observed effects and for this reason it has been used to evaluate models for the
transition state more often than the temperature dependent factor. Bigeleisen and
Wolfsberg (9) have derived a particular formula for the temperature independent fac-
tor in the case of two and three center reactions. If the reaction coordinate X^ for
the reaction

X + YZ —> XY + Z

depends on the distance r^y and ry^ between the reacting fragments (5) X, Y and Z (or
atoms X,Y and Z in earlier notations (9)), then the expressions

X
L

= ar
YZ " PrXY

and ^ = aZ^'

can be written where a, £ and p are parameters useful for expressing the extent of bond
formation and bond extention. With p = 1 the situation represented is a symmetrical
transition state j p = corresponds to pure decomposition of YZj and p = oo to simple
combination of X and Y in the transition state. Using the parameter p, Bigeleisen
and Wolfsberg give the expression for the temperature indedendent factor for a two
center or a linear three center transition state as Equation (2).

1/2 1
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For qualitative comparisons it does not matter greatly whether the mass, M, in

Equation (2) is that of the atoms, with the lighter isotope designated by the sub-

script (1), or fragments, Bigeleisen and Wolfsberg (5) recently recommended using

the mass of the separating fragments but most calculations by organic chemists are

with the mass of the separating atoms.

Evaluation of Equation (2) for specific cases has shown that the largest effects

would be expected for p = 0. Bender and Hoeg (10) and Bender and Buist (11) have

attempted to differentiate SJL and Sjt2 reactions by using carbon-l4 kinetic isotope

effects with the central carbon (symbol Y in the equation) isotopically substituted.

Calculation with Equation (2) showed, unfortunately, that there was only a 3-5$
variation from ideal Sjrl reaction with p = (unassisted bond rupture) to ideal SN2
reaction with p = 1 (concerted, equal bond formation and bond rupture) . A recent
study by Hill and Fry (12) using isotopic labeling in the terminal position (symbol Z)

showed that for a system with chlorine isotopes the k-35/k-37 ratio calculated could
vary from I.OO69 to 1.0018 or 7^$ (comparing the numbers 69 and 18) for the S^l and
Sj^2 cases. Investigation of the leaving group in displacement reactions then appears
to offer more hope for mechanistic interpretation.

A final comment should be made concerning the effect of solvent on the kinetic
isotope effect. Solvation is not directly considered in the derivation of Equation
(l) since it was assumed that the ratios of the activities of the reactants, acti-
vated complex and products were unity. However, if the solvent changed these acti-
vities in an uncompensated manner, the results would be reflected in the observed
isotope effect. Moreover, if solvent variation changed the rate limiting step of a

reaction to one not involving or only partially involving the isotope, this would be
reflected in the absence or decrease of the isotope effect. For the reaction
(Equation (3)) of piperidine with phenyl-2,4-dinitrophenyl sulfone Bourns, quoted by
Saunders (13)

,

N-H + C6H5 - SO2H \UIO2 C6H5 -S02 + < NH -K f \V-N02 (3)

observed a sulfur isotope effect of 1.27 + 0.10$ in benzene, I.57 + 0.16$ in aceto-
nitrile and O.56 + 0.07$ in methanol. Saunders presents the arguments for the ob-
served effects by suggesting the decomposition of the intermediate (I) is

X N02

rate limiting in the first two solvents and the rates of formation and decomposition
of (I) are of similar magnitude in methanol. Saunders states that the conclusion is
reasonable since methanol should aid decomposition of the intermediate (I) to pro-
ducts by solvation of the departing phenylsulfinate ion. Since Bourns has not yet
published his complete paper, these results and conclusions are all that is presently
available from his study. Nevertheless these studies show that the solvent may alter
the observed heavy atom isotope effects and thus complicate their interpretation.

Application by Swain and Thornton in the Formulation of Their Rule - Swain and
Thornton (1,2) have suggested a rule which predicts the effect of structural changes
in reactants on the structure of transition states and have used heavy atom kinetic
isotope data from several cases to substantiate their generalization. A discussion
of the rule and these specific examples will serve to illustrate the unique nature of
the information gained from heavy atom kinetic isotope effects.

A brief discussion of notation must proceed the statement of the rule. Reacting
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bonds are defined by Swain and Thornton as those bonds which are present in the tran-
sition state but entirely absent in either the reactants or products. In a simple
atomic orbital diagram of the transition state a reacting orbital is defined by an
electron cloud bounded by but not containing the nuclei which are the limits of one

reacting bond. Reacting orbitals which overlap with all other atomic orbital portions
in the transition state, as for example through it -bonding, are considered as one re-
acting orbital. Two symbols are introduced for designating the orbitals. Starting
at the point of proposed structure change, the nearest reacting orbital is marked with
a star ( *) . In the case of two or more reacting orbitals not connected by overlap
the symbolic notation requires that the reacting orbital nearest to the proposed
structure change be starred, the second wavemarked (~) and the third starred in an
alternating fashion over all the reacting orbitals. This is referred to as the alter-
nating effect. Finally substituents are ordered with a more electron supplying sub-
stituent defined as one which is more basic toward a proton although this definition
is recognized to lack rigor. With these notations in mind the rule may be stated.

"Bonds utilizing starred orbitals are lengthened at the transition state by
electron supplying substituents and shortened by electron attracting sub-
stituents; the opposite is true for bonds utilizing wavemarked orbitals."

A. The Reacting Bond - The following illustration will demonstrate the rule
for the displacement of dimethyl sulfide (II) from substituted benzyldimethylsulfon-
ium p-toluenesulfonates (III) by the nucleophile N, The reaction under consideration
is given in Equation (k) and the atomic orbital diagram for the reaction is shown in
Figure 1.

H2 - S(CH3 ) 2 - OTs + H" "$» y-CH2 - N + CH3 -S - CH3 -I- 0T
s

(k)

III
'

II

Z -C4— C
3
—C^-Cj.—0?

Figure 1.

The overlap of p-orbitals on the aromatic ring may be considered to relay the effect
of substituent Z to the two reacting orbitals which have been starred.

Application of the rule leads to the prediction that substitution of electron
supplying groups in the aromatic ring would change the transition state structure by
lengthening the reacting carbon-sulfur bond as well as the reacting carbon-nucleo-
phile bond. For the displacement by hydroxide ion in water at 60° the sulfur isotope
effect k-32/k-j4 is I.OO96 + 0,0003, I.OO93 + 0.0018 and 1.0082 + 0.0007 for p -methyl,
unsubstituted and m-chloro respectively (1,2,1^). Since the larger isotope effect
would be expected from the reactant showing the greatest degree of bond rupture in
the transition stai^e (when p = 0, k-32/k-34 = I.OO83; p = 1, k-32/k~3^ = 1.0021 from
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Equation (2)), the experimental data shows the qualitative correctness of the appli-

cation of the rule concerning the reacting carbon-sulfur "bond.

Evidence concerning the nucleophile -carbon bond in the transition state comes from

the observation (1,2,15) that the ratio of second order rate constants with azide ion

at 60° in 8C$ aqueous dioxane vs. 100$ water increases in the order p-methyl (115) , un-

substituted (202) and m-chloro (2^1). For this reaction Swain, Rees and Taylor (15)

consider the three transition state resonance hybrids shown below:

Ar Ar
I + I

N3
~ CH2 - S R2 <- > N3 ~ CH2 SR2

IV K S V

N Ar g
- • +

N3 CH2 SR2

VI

Their argument is that the observed increase of transition state polarity with

increasing electron supply indicates that the contribution of (IV) or of (VI) is in-

creased at the expense of (V) . Since (V) is the only structure having a C-N bond,they

conclude that electron supply leads to a weaker C-R bond at the transition state. In-

terpretation of this kinetic data in regard to the C-S bond is more difficult they

acknowledge but do point out that an electron supplying substituent would be better

able to stabilize the positive charge in (VI) than in (IV) even though (IV) is con-

sidered to be more polar than (VI) . The effect of increasing the contribution of (VI)

would be to lengthen the C-S bond as the rule predicts.
In Swain and Thornton's study the sulfur isotope effects were experimentally

determined by isolating the dimethyl sulfide product after the first yfo of reaction
and comparing the isotopic composition mass spectrometrically with the product iso-
lated from a comparable reaction taken at "100$ " completion. This procedure was the
same as that used by Saunders (16) for his study of the sulfur kinetic isotope effects
of the E2 reaction of 2-phenylethyldimethylsulfonium iodide with sodium hydroxide in
water. Raaen, Dunham, Thompson and Collins (17) have criticized this general method of
obtaining kinetic isotope effects and state from their work with carbon-l4 and deuter-
ium labeled compounds that the results from the first few per cent of a reaction pro-
duct often exhibit quite anomalous isotopic contents when compared with isotopic con-
tents of small aliquots removed at intervals during the entire course of the reaction.
They also warn of the possibility of serious error in evaluation and interpretation of
isotope effects which have been determined solely this way. In the same article J. F.

Eastham of the University of Tennessee is quoted as experiencing the same phenomenon
during application of the differential method to an evaluation of the k-32/k-35 sulfur
isotope effect in reaction of sulfur-35 labeled thiophenoxide ion with 2,^-dinitro-
chlorobenzene to yield phenyl dinitrophenyl thioether. With the differential method
described by Collins and Lietzke (18) successive samples are taken and a differential
isotope effect is plotted against the fraction of reaction. The zero fraction reacted
intercept gives the isotope effect. An evaluation of the two methods of determining
the isotope effect is not possible with the presently available data, but it should be
noted that the basic equations of the differential method require that the reaction
under consideration be irreversible and give quantitative yields of product. Experi-
mentally the differential method is more difficult and has more potential sources of
error than the 3% method, yet it appears from the work of Collins and co-workers to
yield more precise data provided these sources of error are eliminated.

As a test for the reacting bond rule the recent results of a study by Hill and
Fry may be considered (12). The chlorine isotope effects from the first order solvol-
ysis of benzyl chloride and substituted benzyl chlorides in 80$ aqueous dioxane were
determined at 30 . According to the rule, substitution of electron supplying groups
on the ring should lengthen the reacting carbon-chlorine starred bond in the transi-
tion state as shown in Figure 2.
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Z Ca CT^C, r—

*

Figure 2.

From the rule it follows that the k-35/k-37 isotope effect would be greater for an
electron donating group in the para position than for the unsubstituted compound.

Conversely one would expect for an electron withdrawing substituent to observe a

shortening of the starred bond in the transition state and observe a lower isotope
effect. The first order reaction rates for the series p-methoxy, p-methyl, unsub-
stituted, p-chloro and p-nitro vary over a factor of almost 20,000 but the isotope

effects observed for this series were I.OO78, 1.0075, 1.0078, 1.0078 and I.OO76 re-

spectively. These values were mean values with the deviation from the mean + 0.0002
or better except for the p-methyl case where the deviation from the mean was + 0.0004 <

Although the temperature independent factor was not separately determined, data were
reported on hydrolysis of benzyl chloride at 50 and p-nitrobenzyl chloride at 90
yielding values 1.0077 ± 0.0001 and 1.0080 + 0.0003 respectively. If these last data
can be taken to suggest that the temperature dependent factor is quite small and that
the effects noted arise from changes in the temperature independent factor, then one

might argue that there are no changes in the transition state carbon-chlorine bond
extension with changes of substituent. The other possibility that changes in the
carbon-chlorine bond are exactly compensated for by changes in a solvent -carbon bond
would not seem likely. In any event this case may be illustrative of the limitations
of the transition state model or of the application of the Swain-Thornton Rule.

B. The Alternating Effect - Swain and Thornton present arguments for the alter-
nating effect by considering the following reaction:

x + YZ » [X • • • Y • • Z] * » XY + z

Two electronic effects are considered to be operative. Supply of electrons at X
would tend to increase the density of the X-Y bond as well as to a lesser extent the
Y-Z bond and lengthen both in the transition state. Supply at Z would have a similar
effect. Supply at Y should lengthen both bonds in the transition state. The second
effect opposing the lengthening of the Y-Z bond from electron supply at X would be
the tendency of Y to maintain approximately constant total valence by shortening the
Y-Z bond. Expressing this another way, electron supply at X would polarize the X-Y
bond to the extent that the resultant Y-Z bond becomes shorter presumably by increas-
ing one lobe of the orbital and decreasing the other. The statement of the rule pre-
dicts the latter of these two effects will be dominant.

Using earlier data of Hill, Swain and Thornton (19) have cited the reaction of
nucleophile (X) with benzyl chloride at 30 in QCffo aqueous dioxane as an example
illustrating the alternating effect. This reaction shows a k-35/k-37 isotope effect
with water (1.0074), cyanide ion (1.0068) and thiosulfate ion (1.0060). Later data
show the same order (I.OO78, 1.0072 and 1.0064) with a deviation from the mean of +
0.0002 (12) . A simple atomic orbital diagram for this reaction is shown in Figure 3.
The nucleophile -carbon bond is starred and the reacting chlorine bond is wavemarked
apparently because the proposed structure change is the nucleophile. One would pre-
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Figure J.

diet using this model and the Swain-Thornton Rule that increasing electron supply
from the nucleophile would cause the chlorine -carbon bond to be shortened in the

transition state and that the k-35/k-37 isotope effect would therefore decrease.
Since the nucleophiles may be ordered according to Swain and Thornton's basicity
definition as H2O,, CN~ and S2O3 ° a regular decrease in the chlorine isotope effect
is expected in this same order as is observed.

This same reaction with substituents on the aromatic ring can be taken to pro-
vide a further test of the rule. The arguments involving X, Y and Z in support of

the alternating effect supposed that substitution on Y should affect both the X-Y
and Y-Z bonds in such a way that the same order of nucleophile reactivity would be
observed. With p-nitrobenzyl chloride the results at 30 in 80$ aqueous dioxane
with water 9 cyanide ioh and thiosulfate ion were I.OO76, 1.0057 and I.OO58. This
order is different from the unsubstituted compound in the placement of cyanide ion
and thiosulfate ion. The deviation from the mean was + 0.0002 in all cases which
could allow placement of the two nucleophiles in the previous order. This last
result does show the rule has limitations perhaps similar to those of Equation (2).

Other Applications of Heavy Atom Kinetic Isotope Effects - In recent years a

continuous spectrum of bimolecular (3 -elimination reactions differing in the relative
extent of Cq,-X and Co-H bond extention in the transition state has been invoked to
account for the observed experimental kinetics. Leading references to this type of
study are found in papers by Bunnett (20) and Ingold (21). Bunnett has discussed
how the hydrogen isotope effects in conjunction with substituent effects on reaction
rates can show the extent of proton transfer to the base. Ayrey^ Bourns and Vyas
(22) reasoned that the magnitude of the isotope effect of the leaving group should
provide a way of evaluating the extent of Ca-X breaking. Using the nitrogen k-1^/
k-15 isotope effects of ethyltrimethylammonium and 2-phenyltrimethylammonium ions in
conjunction with the hydrogen isotope effects they conclude that the E2 reaction for
the ethyltrimethylammonium compound is highly synchronous process whereas the phenyl
compound has considerable carbanionic character with CR -H bond breaking leading. The
results of this type of study demonstrate the use of heavy atom isotope effects to
obtain information about the relative timing of concerted bond changes.

Goldstein and Thayer (23) have used the isotope effects of both carbon and oxygen
in evaluating transition state structures for the thermal decarboxylation of the a-
pyrone-maleic anhydride adduct. This compound was chosen for study since it was
assumed to be an example of a Diels -Alder retrogression and thus provided a probe
for the study of the mechanisms of this type of multicenter reaction.
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